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RESUME 
Des approches de conception basees sur la performance parasismique des structures ont 
emerge recemment comme une alternative aux methodes conventionnelles preconisees par 
les normes de conception modernes. La motivation sous-jacente a ces nouvelles techniques 
est de relier des niveaux anticipes d'aleas sismiques differents a des objectives specifiques 
de performance structurale. La plupart de ces methodes ont ete validees cependant en 
utilisant des sollicitations sismiques typiques de l'ouest de l'Amerique du Nord, de l'Eu-
rope ou de l'Asie. 
Ce projet de maitrise a pour objective principal d'appliquer certaines approches basees 
sur le deplacement pour evaluer le comportement parasismique des murs de refend en be-
ton arme dans le contexte normatif canadien. Trois batiments de bureaux avec des murs 
de refend et des cadres en beton arme sont dimensionnes et utilises pour effectuer des 
analyses sismiques. Les trois batiments ont un plan de plancher identique, mais differentes 
hauteurs de 21m, 42 m et 63 m, correspondant a 6, 12 et 18 etages, respectivement. Afin 
d'evaluer l'infiuence de la variability de l'alea sismique entre Test et l'ouest canadien, la 
conception parasismique et l'analyse de la performance structurale des trois batiments 
sont effectuees en considerant les deux sites de Montreal au Quebec et de Vancouver en 
Colombie Britannique. 
Les criteres de dimensionnement parasismiques de la plupart des normes modernes, in-
cluant le Code National du Batiment du Canada (CNBC 2005), recommandent Papplica-
tion d'une conception basee sur revaluation de la force de cisaillement. Une telle demarche 
commence par le calcul de la force de cisaillement a la base d'une structure, requise pour 
maintenir un comportement lineaire elastique. Les accelerations spectrales fournies par 
la norme sont utilisees a cette fin. La structure est alors congue pour une resistance en 
cisaillement de conception, obtenue en modifiant la force elastique a la base par des fac-
teurs de force. Ces facteurs dependent du type du systeme resistant aux forces laterales 
et tiennent compte de sa capacite en ductilite, ainsi que de sa reserve de resistance. Les 
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murs de refend etudiees dans ce projet sont consideres ductiles (Ry = 3.5). Les bati-
ments sont alors soumis a une repartition des forces laterales equivalentes, obtenues par 
la distribution spatiale de la force de cisaillement a la base en fonction de la hauteur des 
batiments. Lorsque les deformations obtenues respectent les limites requises par la norme, 
le dimensionnement des composantes structurales telles que les murs de refend peut alors 
etre effectue. 
Trois methodes basees sur la performance sont choisies pour ce projet : (i) la methode du 
spectre de plastification (Aschheim, 2000), (ii) la methode de conception basee sur reva-
luation directe du deplacement (Priestley et Kowalsky, 2000), et (iii) la methode du spectre 
inelastique de deplacement (Chopra et Goel, 2001). Les trois methodes ont fete initiale-
ment etablies pour un systeme a un seul degre de liberte. Elles sont basees sur le spectre 
inelastique de reponse sismique, obtenu a partir du spectre elastique en utilisant des fac-
teurs dependant de la ductilite. Pour faciliter la comprehension des fondements theoriques 
des trois methodes, une formulation mathematique unifiee est developpee dans le cadre 
de ce projet. La methodologie des trois procedures choisies est basee essentiellement sur 
l'estimation des deplacements. En general, elles sont formulees de facon a satisfaire des 
criteres de resistance des normes modernes de conception, et en meme temps a assister 
les ingenieurs en structure pour limiter les deformations maximales et les deplacements 
inter-etages a des valeurs acceptables. 
Ce projet presente aussi des methodes d'estimation du deplacement cible et des indices 
inter-etages pour les structures multi-etagees, en developpant des formules pour le profil 
deplace des structures, a la base de la premiere forme de vibration. On pourrait utiliser 
aussi le spectre sumentionne pour determiner des combinaisons differentes de resistance 
laterale et de ductilite, effectives pour limiter un deplacement cible et pour ductilites de 
deplacement requises, afin d'acheminer la performance desiree. 
Des analyses non-lineaires temporelles des trois murs de refend sont effectuees en utili-
sant des excitations sismiques artificielles et historiques correspondant a l'alea sismique 
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a Montreal et a Vancouver. Le programme d'analyse Ruaumoko est utilise a cette fin. 
Un element du mur avec des fibres multiple est choisi pour la modelisation de la section 
transversale du mur de refend en beton arme. Les resultats de tous les modeles d'analyse 
dans les deux villes montrent que les deplacements maximum obtenus par les methodes 
basees sur la performance sont plus eleves que ceux obtenus par l'analyse dynamique pre-
conisee par le CNBC 2005. Les criteres de conception pour les deplacements inter-etage 
sont satisfaits pour les deux villes. En meme temps, la resistance en cisaillement a la 
base obtenue par les methodes basees sur la performance est moindre que celle resultant 
des analyses dynamiques. Un effet d'echelle a egalement ete identifie dans les resultats 
de deplacement maximum et de plastification, ainsi que la force de cisaillement a la base 
maximum de conception et de plastification, obtenues par les methodes de performance 
basee sur le deplacement. 
Ce memoire a presente une etude de quelques procedures statiques non lineaires comme 
alternative au dimensionnement parasismique dans le contexte normatif Canadien. La 
simplicity d'utilisation de ces methodes ainsi que les resultats obtenus montrent qu'elles 
peuvent effectivement etre utilisees pour aboutir a une conception a la fois plus ration-
nelle et generalement plus economique que les techniques conventionnelles actuelles. Une 
validation experimentale et un raffinement de ces nouvelles procedures sont cependant 
encore requis avant de pouvoir les adopter de fagon definitive par la communaute des 
ingenieurs en structures. 
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ABSTRACT 
Performance-Based Seismic Design (PBSD) methods were developed as an alternative to 
prescriptive current building codes. The underlying logic behind these techniques is to link 
specified structural performance objectives to one or more earthquake hazard levels. Most 
research on PBSD methods was validated using Western North America (WNA) ground 
motions however. This project aims mainly at investigating the use of some Displacement-
Based approaches to assess the seismic performance of Reinforced Concrete (RC) shear 
walls in a Canadian code perspective. 
The inelastic seismic response of reinforced concrete shear walls, as main members of the 
Seismic Force Resisting System (SFRS) was investigated using current engineering prac-
tice and compared to the seismic response after applying PBSD methods. Three reinforced 
concrete frame-shear wall office buildings with the same floor plan were investigated in the 
present study. The three buildings have different heights of 21m, 42 m and 63 m corres-
ponding to 6, 12 and 18 storeys, respectively. Seismic design and performance assessment 
of the three shear wall buildings were conducted assuming that they are located at the 
cities of Montreal, Quebec, and Vancouver, British Columbia, to account for seismic ha-
zard in Eastern and Western Canada, respectively. 
Seismic provisions of current generation of building codes including the National Building 
Code of Canada (NBCC 2005), advocate the use of Force-Based Design (FBD) procedures. 
According to this approach, elastic base shear required to keep a ground shaken structure 
linear-elastic was first determined. Smoothened soil dependent elastic spectral accelera-
tions were used for this purpose. The structure was then designed to have a yield strength 
obtained by dividing the elastic base shear by a force modification factor. This reduction 
factor depends on the lateral force-resisting system used, and is assumed to account for 
the structure's ductility capacity and inherent overstrength. The shear walls studied were 
assumed as ductile (i?a = 3.5). The structures were then subjected to a set of equivalent 
lateral forces obtained from the vertical distribution of the design base shear over the 
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building height. Once the resulting deformations were checked to be within code prescri-
bed limits, proportioning and detailing of the structural members followed. 
Three Displacement-Based Design (DBD) approaches were explored in this work : (i) the 
Yield Point Spectra method (Aschheim, 2000), (ii) the Direct Displacement Based-Design 
method (Priestley and Kowalsky, 2000), and (iii) the Inelastic Displacement Spectra me-
thod (Chopra and Goel, 2001). To facilitate the understanding of the theoretical back-
ground of the three DBD techniques investigated, a unified mathematical formulation of 
the three methods was first developed in this project. The three techniques were develo-
ped initially for Single Degree of Freedom (SDOF) systems. They are based on inelastic 
response spectra, that can be derived from elastic spectra using ductility dependent fac-
tors. 
The methodology of the three DBD procedures aims at a direct displacement-based struc-
tural design. They are indeed formulated to satisfy modern seismic design strength crite-
ria and in the meantime to assist structural engineers to limit maximum deflections and 
inter-story drifts to acceptable values. In order to achieve these objectives, the concep-
tual methodology implements the use of an equivalent structural model of one degree of 
freedom. The present thesis also presents a new method of estimating the target displa-
cement and the inter-story indexes of the multi-story buildings throughout establishing 
formulas for the deformed building shape, developed on the basis of the first deformation 
shape. Nonlinear time history analyses of the concrete shear walls were performed using 
site-specific ground motions for Montreal and Vancouver. Both synthetically generated 
and historical records were considered for the analyses carried out using the computer 
program Ruaumoko. A wall element with fiber discretization of the cross section was 
chosen for the modeling. Results for all models in both cities indicated that although 
the maximum displacements, obtained through PBSD have been found for some analyses 
much higher than those obtained by the NBCC 2005 dynamic analyses, they satisfied 
the target objectives for interstorey drift limits. In the same time, the design base shear 
strengths obtained through PBSD have been found lower than those obtained by the code 
X 
prescribed procedures. A size effect, function of the wall ratio for both cities, was also 
identified in the response of the maximum design and yield displacements, as well as for 
the design base shears obtained using the DBD methods. 
This work presented original results following the application of some selected performance-
based non-linear static procedures to buildings designed according to the Canadian seismic 
standards. It is found that the performance-based method investigated could represent 
an interesting alternative for seismic evaluation, and cost efficient design, while achieving 
target performance objectives. The results presented are however preliminary, and ex-
perimental validations and additional refinement are still required before these methods 
could be fully adopted by the structural engineering community. 
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CONDENSE EN FRANCAIS 
Au cours de l'histoire, les tremblements de terre ont cause de nombreuses pertes de vie et 
de proprietes. Aujourd'hui, meme si de grands progres ont ete realises dans la domaine 
du genie parasismique, le risque sismique est generalement en augmentation a cause de 
l'urbanisation rapide a travers le monde. Pendant longtemps, les objectives principaux des 
criteres de dimensionnement parasismique visaient a proteger les vies humaines et a eviter 
les effondrements suite a des tremblements de terre majeurs. Ces objectives etaient genera-
lement etablies a partir des criteres minimums prescrits par les materiaux de construction, 
la resistance requise ou la deformation maximum acceptable sous chargement sismique. 
Des tremblements de terre recents, notamment ceux de Loma Prieta (1989), Northridge 
(1994) et Hyogo-Ken Nambu (1995), ont marque un grand tournant dans revolution des 
mesures parasismiques. lis ont en effet montre que plusieurs structures congues selon les 
normes conventionnelles se sont effondree en perdant la totalite de leur capacite resis-
tante. Suite a ces evenements, les normes de conception parasismiques ont introduit des 
criteres nouveaux afin d'obtenir une performance previsible complementaire aux objec-
tives traditionnelles de protection de la vie humaine. De cette facon, les clauses basees 
sur la performance devraient garantir une fraction previsible de la capacite fonctionnelle 
structurale et non-structurale des batiments. 
L'objectif principal du present projet de recherche est d'etudier l'application de methodes 
simplifiees basees sur 1'evaluation du deplacement pour analyser la performance sismique 
de murs de refend congues selon la derniere edition des normes parasismiques canadiennes. 
Les methodes de conception basees sur la performance sismique ont emerges recemment 
comme des methodes alternatives a celles plus conventionnelles preconisees par la plu-
part des normes de conception parasismiques internationales. La logique derriere de telles 
methodes est de relier plusieurs niveaux d'aleas sismiques anticipes a des objectives speci-
fiques de performance structurale. La plupart de ces methodes ont ete validees en utilisant 
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des sollicitations sismiques typiques de l'ouest de l'Amerique du Nord, de l'Europe et de 
l'Asie. Ce projet de maitrise a pour but principal d'etudier l'application de certaines ap-
proches basees sur le deplacement pour evaluer le comportement sismique des murs de 
refend en beton arme dans le contexte normatif canadien. 
L'organization du projet de recherche commence par une revue des normes de conception 
modernes, telles le Code national du batiment du Canada (CNBC 2005) et la norme de 
dimensionnement des structures en beton CSA A23.3-04. Ces normes ont beaucoup evo-
luees au cours des dernieres decennies et notamment, en 2004-2005, ou des modifications 
majeures visant a les adapter aux avancees recentes dans le domaine de la reduction du 
risque sismique ont ete introduites. Ces ameliorations suivent les grandes lignes d'une 
nouvelle philosophie basees sur la performance des structures. 
Plus concretement, le CNBC 2005 utilise une nouvelle generation des cartes d'alea sis-
mique, generees pour plusieurs villes canadiennes. Les cartes sont basees sur l'estimation 
des valeurs mediannes des mouvements speciflees pour un sol ferme avec une probabilite 
de depassement de 2% en 50 ans correspondant a une periode de retour de 2750 ans. Ces 
valeurs d'acceleration sont representees dans le CNBC 2005 sous le format d'un spectre de 
dimensionnement avec un amortissement de 5%, pour un sol ferme et avec une probabilite 
une probabilite de depassement de 2% en 50 ans. 
Deux types de calcul sismique sont preconisees dans le CNBC 2005 : (i) l'analyse dyna-
mique spectrale et, (ii) la procedure de force statique equivalente. En general, le CNBC 
2005 recommande l'application de l'analyse dynamique, mais l'utilisation de la force sta-
tique equivalente pourrait aussi etre utilisee. D'abord son application est permise pour 
des structures avec des limitations en fonction du site, ou du type de la structure. En 
general, cette procedure commence par le calcul la force elastique a la base necessaire 
a maintenir le comportement lineaire elastique de la structure soumise aux sollicitations 
sismiques. Les accelerations spectrales sont utilisees a cette fin. La structure est alors 
concue pour une resistance en cisaillement de conception, obtenue en modifiant la force 
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elastique a la base par des facteurs de force. Ces facteurs dependent du type du systeme 
resistant aux forces laterales et sont presumes tenir compte de la capacite en ductilite 
du systeme, ainsi que de sa reserve de resistance. Les batiments sont alors soumis a des 
forces laterales equivalentes distributes selon la hauteur et obtenues a partir de la force 
de cisaillement a la base du batiment. Lorsque les deformations resultantes sont dans les 
limites de celles requises par le code, le dimensionnement des composantes structurales 
tels que les murs de refend peut alors etre effectue. 
Les nouvelles editions des normes canadiennes s'orientent progressivement vers la concep-
tion basee sur la performance. Le CNBC 2005 a garde la philosophie de 'conception par 
capacite'. Cette conception commence par l'hypothese, que l'energie induite lors d'un 
seisme, serait dissipee dans des locations specifiques demandees (la zone plastique). La 
'conception par capacite' exige que tous les autres elements du systeme resistant aux 
forces laterales soient munis d'une resistance de reserve sufFisante, pour eviter tout meca-
nisme non anticipe. Pour assurer que la plastification soit limitee a la base de la structure, 
la norme CSA A23.3-04 suggere que les moments de flexion et les forces de cisaillement a 
chaque etage en haut de la zone plastique soient multiplies par la relation de la resistance 
en flexion ponderees sur le moment en flexion (obtenu de l'effet des charges ponderees), 
ou les deux dernieres sont calcules au sommet de la zone plastique. 
Un des changements les plus importants dans la norme CSA A23.3-04 est l'exigence que la 
capacite des murs de refend en rotation plastique soit plus grande que la demande de ces 
murs en rotation inelastique. Cette verification de la ductilite, introduite pour la premiere 
fois dans les normes canadiennes, est un pas important vers les principes modernes de 
la conception basee sur la performance des structures. La demande plastique en rotation 
est calculee a la base du deplacement maximum au sommet de la structure et l'hypo-
these que la rotule plastique soit localisee a une hauteur egale a la moitie de la dimension 
longitudinale du mur a la base. Le profil des deformations anticipe pour ces verifications 
suit surtout le premier mode de vibration du systeme. Seules les exigences concernant les 
murs ductiles indues dans la norme CSA A23.3-04 (Clause 21) sont envisagees dans ce 
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projet, telles les limitations sur les dimensions, les rotations, les moments flechissant et 
les forces de cisaillement. 
Le chapitre 3 aborde le sujet principal de ce projet de recherche, a savoir l'application 
des methodes simplifiees basees sur revaluation des de-placements pour analyser la perfor-
mance sismique des murs de refend concues selon les normes parasismiques candiennes. 
Cette etude vise essentiellement a elucider la relation entre les niveaux de performance en 
deplacement des structures et les differents aleas sismiques au Canada. Une des premieres 
explorations de cette relation a ete presentee dans les documents Vision 2000 (1995) et 
le Blue Book (1999) produits par l'Association des ingenieurs en structure de Californie 
(SEAOC). DeVall (2003) a propose une adaptation de ces relations dans le contexte du 
code canadien. Afin de relier les differents niveaux de performance des structures aux 
aleas sismiques anticipes, trois niveaux de risque sismique ont ete consideres dans le pre-
sent projet, correspondant a des periodes de retour 75 ans (note SHL-75), 475 ans (note 
SHL-475) et 2475 ans (note SHL-2500). 
Des recherches recentes ont prouve que les endommagements structuraux et non structu-
raux dans un batiment sont davantage relies aux deplacements inter-etages d'une structure 
qu'au deplacement maximum se produisant au sommet. Par consequent, un 'indice de de-
placement inter-etage' est introduit dans le cadre de ce travail pour definir la relation 
entre les deplacements inter-etages et les niveaux d'aleas sismiques anticipes sur un site 
sonne. Le CNBC 2005 prescrit des limites seulement sur les deplacements inter-etages. 
L'effet des rotations a chaque etage est egalement important et devrait aussi etre consi-
dere. Des limites sur les rotations du mur de refnd sont done introduites dans ce projet 
en s'inspirant de documents relatifs aux normes americaines de conception de nouvelles 
structures et de rehabilitations des structures existantes produits par l'Agence Federale 
de Gestion d'Urgence (FEMA). Deux profils de deplacements lateraux correspondant a 
des limites en deplacement inter-etages et en rotation sont done proposes et utilises dans 
ce projet. Ces profils sont etablis en adoptant l'hypothese simplificatrice d'une rotation 
inelastique constante a tous les etages de la structure et en utilisant une formule simplifiee 
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pour evaluer la courbure plastique d'un mur de refend. 
Afin de faciliter la comprehension des fondements theorique des trois methodes explorees, 
une formulation mathematique unifiee est d'abord proposee. La relation force-deplacement 
est representee schematiquement par deux courbes, reelle et idealisee bi-lineaire, afin d'in-
troduire le rapport entre les forces et les deplacements elastiques et plastiques, tels le fac-
teur modifiant la resistance a la plastification Ry et la ductilite du systeme. Deux types 
de spectres sont utilises : elastique et inelastique. Parmi les spectres inelastiques, on a re-
cours egalement a deux types de spectres inelastiques pour revaluation de la performance 
sismique : (i) le spectre de reponse inelastique d'acceleration definissant les accelerations 
inelastiques maximum a differents niveaux de ductilite, en fonction de la periode d'un 
systeme a un seul degre de liberte, et (ii) le spectre de reponse inelastique du deplace-
ment definissant les deplacements inelastiques maximum a differents niveaux de ductilite, 
en fonction de la periode d'un systeme a un seul degre de liberte. 
Suite a une revue de litterature approfondie, deux methodes de calcul des relations Ry — 
Ii —T sont considerees dans le cadre de ce travail: celle proposee par Nassar et Krawinkler 
(1991) et celle developpee par Miranda (1993). La plupart des methodes disponibles dans 
la literature ont ete validees en utilisant essentiellement des seismes typiques de l'ouest 
de PAmerique du Nord. La methode de Miranda (1993) tient compte de Pinfiuence de 
differents types de sol, tandis que celle proposee par Nassar et Krawinkler determine le 
facteur Ry seulement en fonction des proprietes du systeme structural. Une comparaison 
des deux methodes est effectuee en determinant les relations Ry — \x — T pour les condi-
tions de sol adaptees a la classification des types de sol du CNBC 2005. En comparant les 
resultats obtenus en utilisant les deux methodes, on trouve que les facteurs Ry produits 
par les deux methodes ont tendance a se rapprocher pour des niveaux de ductilites bas, 
i.e. 2 ou 3, et surtout pour des periodes fondamentales superieures a 2sec. Compte tenu 
de ces resultats et du fait que la methode proposee par Miranda (1993) tient compte des 
variations des conditions de sol, cette derniere est adoptee pour la suite des analyses dans 
ce travail. 
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Tel que mentionne auparavant, la comprehension des differences entre plusieurs methodes 
basees sur la performance peut etre facilitee par leur formulation unifiee. Les trois tech-
niques utilisees dans ce projet etaient initialement developpees pour un systeme a un seul 
degre de liberte. II devient alors tres important de bien maitriser les hypotheses adoptees 
pour generaliser ces methodes a un batiment multi-etage, pouvant etre simule generale-
ment par un systeme a plusieurs degres de liberte. Deux approches sont disponibles dans 
la li t terature pour representer la reponse dynamique des batiments multi-etages par la 
reponse d'un systeme a un seul degre de liberte : (i) le systeme equivalent a un seul degre 
de liberte, et (ii) la structure de substitution. La premiere methode est caracterisee par un 
deplacement plastique maximum au sommet et par un coefficient de resistance a la pre-
miere plastification se produisant a la base du systeme equivalent. Ces deux parametres 
sont multipliees par des facteurs de participation de masse et de forme, arm d'obtenir les 
valeurs correspondantes du systeme reel multi-etage. Les deux facteurs de participation 
sont developpes dans ce projet en fonction d'un profil de deplacement correspondant a un 
niveau d'alea sismique donne. La methode de la structure de substitution est basee sur 
l 'hypothese d'une force de cisaillement identique a la base des deux structures reelle et 
de substitution, ainsi que des deplacements maximum identiques aux sommets des deux 
structures. Ces deux conditions permettent de definir des proprietes effectives caracteri-
sant la structure de substitution, a savoir sa masse, sa hauteur et sa rigidite effectives. Ces 
parametres sont determinees dans ce travail en fonction du profil cible des deplacements 
lateraux. 
Le chapitre 3 presente ensuite trois methodes devaluat ion basees sur la performance sis-
mique, choisies suite a une revue de lit terature approfondie : (i) la methode du spectre 
de plastification (Aschheim, 2000), (ii) la methode de conception basee sur 1'evaluation 
directe du deplacement (Priestley et Kowalsky, 2000), et (iii) la methode du spectre in-
elastique de deplacement (Chopra et Goel, 2001). Pour les fins de la clarification, un 
organigramme illustrant les etapes de chacune des trois methodes est developpe. Les trois 
procedures aboutissent a une force de cisaillement a la base du systeme reel multi-etage, 
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correspondant a une force de plastification ou a une force ultime de conception selon la 
methode utilisee. 
La premiere methode utilisee dans ce projet est la methode du spectre de plastification 
(YPS) proposee par Aschheim et Black (2000). Comme son nom l'indique, cette proce-
dure est basee sur la construction d'un spectre de reponse de plastification. Deux options 
sont possibles pour la construction d'un tel spectre : (i) le spectre de plastification 'exact' 
construit directement a partir des historiques temporels des mouvements sismiques, et (ii) 
le spectre de plastification 'lisse' construit a partir du spectre elastique en utilisant des 
facteurs de modification Ry. Dans ce projet de recherche, les spectres lisses sont adoptes 
pour examiner les performances sismiques des batiments choisis. La methode du spectre 
de plastification utilise le systeme equivalent pour relier le systeme a un seul degre de 
liberte au a batiment multi-etage. 
La deuxieme methode exploree dans le cadre de ce projet est la methode de conception 
basee sur revaluation directe du deplacement proposee par Priestley et Kowalsky (2000). 
Comparee a la precedente, cette methode utilise la structure substitute pour modeliser la 
reponse du systeme inelastique. Elle est caracterisee par l'utilisation d'un profil cible de 
deplacement predetermine et par le spectre inelastique de reponse de deplacement pour 
des niveaux differents d'amortissement. 
La troisieme methode basee sur la performance est celle utilisant le spectre inelastique 
de deplacement tel que proposee par Chopra et Goel (2001). La methode a ete generale-
ment developpee pour des systemes a un seul degre de liberte. Pour les fins de ce projet, 
on a utilise la structure substitute pour modeliser la reponse du systeme inelastique. La 
methode du spectre inelastique utilise un profil cible de deplacement predetermine et des 
spectres inelastiques de reponse d'acceleration pour des niveaux differents de ductilite. La 
procedure est iterative et inclue un rapport aux normes de conception, la faisant differer 
des autres methodes ci-etudiees. 
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Le chapitre 4 applique les principes de la conception selon le CNBC 2005 et la norme CSA 
A23.3—04 pour trois murs de refend situes a deux endroits au Canada, soient Montreal 
et Vancouver. Trois batiments de bureaux, dont le systeme resistant aux forces laterales 
est presente par des cadres dans la direction longitudinale et des murs de refend en be-
ton arme dans la direction transversale, sont utilises dans le projet. Tous les batiments 
ont le meme plan et different seulement par leurs hauteurs de 21m, 42 m et 63 m cor-
respondent a 6, 12 et 18 etages. Puisque les murs de refend sont sujet de l'etude de ce 
projet pour l'application des methodes de performance basee au deplacement plus tard, 
on fait la conception selon les normes canadiennes seulement pour ces murs de refend. 
Les fondations de tous les murs sont supposees comme assez rigides arm de transmettre 
les charges sismiques au sol et ne font pas l'objet de cette etude. La procedure des forces 
equivalentes statiques est d'abord appliquee pour definir les criteres minimaux de la force 
de cisaillement a la base des murs et pour calibrer les resultats de l'analyse spectrale 
suivante tel que recommande par le CNBC 2005. La periode fondamentale utilisee pour 
cette procedure est calculee selon la formule empirique definie par le CNBC 2005 pour les 
murs de refend en beton multipliee deux fois. Tous les murs etaient consideres comme des 
murs ductiles et un facteur de modification de force Rd = 3.5 est utilise afin d'obtenir la 
force de conception a la base. 
La methode de l'analyse dynamique spectrale recommandee par le CNBC 2005 est ensuite 
appliquee pour obtenir les efforts de conception dans tous les murs pour les sites choisis. 
On a utilise le programme ETABS (CSI) pour effectuer des analyses spectrales basees 
sur une modelisation tridimensionnelle des trois batiments en incluant des proprietes des 
sections effectives, telles que requis par la norme A23.3-04. 
La comparaison des efforts tranchant a la base des murs de refend, calcules avec la methode 
spectrale a ceux obtenus avec la procedure des forces equivalentes statiques a demontre 
deux points interessants. Le premier point est que les forces de cisaillement obtenues par 
l'analyse pseudo-statique sont superieures a celles obtenues par l'analyse spectrale pour 
les murs de hauteur moderee a elevee (batiments de 12 et de 18 etages). Cette difference 
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etait attendue a cause des periodes fondamentales obtenues selon les analyses spectrales, 
et qui sont plus elevees que celles determinees par la methode statique equivalente. En 
plus, il a ete observe que les dernieres sont inferieures meme a 80% des efforts calculees 
avec la methode statique equivalente. Par contre, les efforts tranchants pour les bati-
ments de 6 etages, obtenus par l'analyse spectrale gouvernent pour les deux sites etudies. 
Le deuxieme point important a mentionner est qu'on a pris comme limite minimale de 
calibration des efforts tranchants a la base des murs, 100% de la force de cisaillement, 
calculee par la methode statique equivalente. La raison d'estimer ce pourcentage, au lieu 
de 80%, qui serait permis par le Code dans le cas de ce projet, est qu'on aurait augmenter 
de fagon significative les efforts de flexion et de cisaillement anticipes de conception dans 
tous les etages. Puisque les exigences minimales du renforcement gouvernent pour tous 
les murs, sauf pour les batiments eleves a Vancouver, la difference parmi les moments 
de resistance probable et nominale et celle de l'effet des charges ponderees aurait aug-
ments, par consequence - les efforts anticipes dans tous les etages et l'armature requise 
auraient augmenter de fagon significative. Ensuite, on a effectue la conception des murs 
de refend selon les exigences speciales sismiques de la norme A23.3-04 pour des murs due-
tiles. On devrait noter quelques points importants lors de la conception des murs pour 
les deux sites. Le premier etait que les exigences de l'armature minimale gouvernaient 
pour les murs de refend ductiles des batiments situes a Montreal, tandis que pour Van-
couver, cette observation etait valide seulement pour le batiment de 6 etages. Comme 
un deuxieme point, on a note que les capacites en rotation plastiques sont satisfaites, 
e'est a dire plus grandes que les demandes en rotation plastique requises par la norme 
A23.3—04, pour tous les batiments a Montreal. En plus, pour les batiments de 6 a 12 
etages, les demandes en rotation plastique etaient plus basses que les limites minimales, 
alors on a pris les dernieres comme base de comparaison aux capacites obtenues. Puisque 
l'armature de flexion etait congue pour satisfaire les exigences minimales, etablies par la 
norme A23.3—04, on pourrait dire que la conception avait resulte en une augmentation 
significative en armature. Par contre, pour la ville de Vancouver, ce sont les demandes en 
rotation plastique qui controlent la conception pour les batiments de 12 et de 18 etages, 
par consequent, l'armature en flexion a ete augmentee afin d'obtenir une plus grande ca-
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pacite en rotation plastique pour ces murs de refend. Pour le batiment de 6 etages situe a 
Vancouver, on a note que la limite minimum de demande en rotation plastique gouverne 
le dimensionnement. 
Dans chapitre 5 les trois methodes de performance choisies sont appliquees aux batiments 
congus selon les normes canadiennes dans le chapitre precedent. Les batiments sont etu-
dies dans les deux sites de Montreal et de Vancouver, et pour trois niveaux de risque 
sismique SHL—75, SHL—475 et SHL—2500. Chacune des methodes decrites auparavant a 
ete presentee a l'aide d'un exemple. Pour toutes les methodes, on a pris comme exemple 
le batiment de 6 etages a Montreal, soumis au seisme de niveau SHL-2500 et la proce-
dure suivait les memes etapes decrites au chapitre 3. La premiere methode du spectre 
de plastification commence par le calcul du deplacement de plastification au sommet, en 
utilisant les proprietes geometriques deja definies de la structure. Ensuite, le deplacement 
maximum cible est calcule en prenant a chaque niveau la valeur gouvernant les profils 
en rotation vs. celui de deplacement inter-etage. Le rapport de ces deux valeurs nous a 
donne la ductilite utilisee pour construire le spectre de plastification. On a fait entrer le 
deplacement de plastification du systeme equivalent et le coefficient de reduction de la 
resistance a la base etait rapporte. La procedure a fini par le calcul de la force de plasti-
fication a la base, en utilisant le facteur de participation de la masse. 
La deuxieme methode basee sur revaluation directe du deplacement est utilisee par la 
suite. On commence par le developpement des profils de deplacements. En utilisant le 
profil de controle, on calcule la masse et la hauteur effectives du la structure de substitu-
tion et le deplacement effectif au sommet de ce systeme. Le deplacement de plastification 
a cette hauteur, la ductilite et l'amortissement sont determines par la suite. On a construit 
le spectre inelastique de deplacement pour l'amortissement obtenu, dans lequel on a fait 
entrer le deplacement effectif, afin de raporter la periode effective. La rigidite est ensuite 
obtenue pour en utilisant les transformation de la structure de substitution. La procedure 
a fini par le calcul de la force de cisaillement a la base. 
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La troisieme methode basee sur le spectre inelastique est presentee par la procedure ite-
rative, telle que suggere par Chopra et Goel (2001). De la meme fagon que la procedure 
precedente, on utilise le profil de deplacement de contrdle, le deplacement de plastification 
a la hauteur effective de la structure de substituion et la ductilite pour la premiere etape 
d'iteration. On construit ensuite le spectre inelastique de deplacement correspondant a 
cette ductilite, dans lequel on reporte le deplacement effectif. La periode correspondant 
a la premiere etape d'iteration est done obtenue et notee. La rigidite correspondante, la 
force de cisaillement et le moment de flexion requis sont ensuite determines. En utilisant 
la formule de la courbure de plastification, on re-calcule la rigidite du systeme effectif, 
et le deplacement de plastification. On compare le dernier au deplacement initialement 
anticipe et la procedure est repetee jusqu'a ce que la difference entre ces deux valeurs 
devienne negligeable. La procedure se termine par 1'evaluation de la force de cisaillement 
a la base de la derniere etape d'iteration. En comparant les forces de cisaillement a la base 
des murs de refend, une tendance attendue est validee pour toutes les methodes basees sur 
la performance etudiees dans ce projet. La force de cisaillement a la base augmente pour 
les batiments eleves, et pour les niveaux de risque sismique plus eleves. Cette tendance 
est valide pour les deux villes de Montreal et de Vancouver. La comparaison des resultats 
obtenus pour les deux villes montre l'influence du site. Les forces de cisaillement obtenues 
pour Vancouver sont plus grandes que celles obtenues pour le cite de Montreal. Cette 
tendance est valide pour tous les batiments et pour tous les niveaux de risque sismique. 
Le chapitre 6 presente les analyses temporelles non lineaires appliquees aux memes murs 
de refend pour les sites des deux villes de Montreal et de Vancouver. On a utilise deux 
types d'excitations sismiques, artificielles et historiques. Pour les dernieres, on a choisi 
deux evenements historiques, ceux de Nahanni et de Saguenay. Les enregistrements ar-
tificiels, generes par Atkinson et Beresnev (1998) sont utilises pour la periode courte et 
longue pour chaque ville, dont la calibration pour le cite specifique se faisait par des fac-
teurs d'etalonnage. Ann de satisfaire les exigences du CNBC 2005 pour la conformite au 
spectre de 2% de probability en 50 annees, on a genere les spectres correspondant aux 
historiques utilisees a l'aide du programme RSPMATCH. On a distingue deux types de 
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spectres de reponse generes : (i) des spectres 'proche', et (ii) des spectres 'vague'. La diffe-
rence entre les deux etait dans la convergence des derniers au spectre cible de conception, 
recommande dans le CNBC 2005. 
Le logiciel Ruaumoko est utilise pour les analyses temporelles non lineaires. Pour la mode-
lisation de la section transversale du mur de refend en beton arme, l'element du type 'mur' 
est adopte. Les materiaux, le beton et l'armature, sont representees par leurs diagrammes 
de contrainte-deformation pour le beton (Kent et Park) et par un courbe hysterese bi-
lineaire pour l'armature. Les valeurs maximum des deplacements horizontaux, des forces 
de cisaillement et des moments de flexion par etage, sont presentees pour les trois murs 
de refend et pour les deux sites de Montreal et de Vancouver. Suite a la comparaison 
de ces resultats, on a constate quelques points importants. Le premier est que les re-
sultats obtenus a la base des evenements sismiques 'proches' different de ceux, obtenus 
par les historiques etalonnees (a l'aide des facteurs de calibration seulement). Les histo-
riques 'proches' donnent des efforts tranchants plus eleves, valident pour les evenements 
de courte et de longue periode, ainsi que pour les deux villes. Le deuxieme point est que 
la resistance probable des murs en flexion est superieure aux moments de conception pour 
tous les murs a Montreal. Par contre, pour les murs a Vancouver, cette resistance est de-
passee pour la plupart des analyses, meme pour les murs moins eleves. Le troisieme point 
important est que les deplacements inter-etage maximum, rencontrent la limite de 2.5%, 
prescrite par le CNBC 2005 pour tous les murs dans les deux villes. Cette conclusion est 
valide pour toutes les analyses, incluant les evenements etalonnes 'proches'. 
Le chapitre 7 presente une comparaison des resultats des efforts tranchants et des depla-
cements maximum (au sommet) de tous les modeles d'analyse dans les deux villes. La 
comparaison montre que meme les deplacements maximums, obtenus par les methodes 
de performance sont plus eleves par rapport a ceux obtenus par l'analyse dynamique, 
procuree par le CNBC 2005, les criteres de conception pour les deplacements inter-etage 
sont satisfaits. En meme temps, la resistance en cisaillement a la base est inferieure a celle 
obtenue par les analyses du Code. Ce resultat est valide pour les forces de plastification 
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et les forces de cisaillement ultimes, et pour les deux villes. On a constate aussi une ten-
dance d'etalonnage pour toutes les methodes de performance basee sur le deplacement, 
exprimee aussi bien pour le deplacement maximum et de plastification, que pour la force 
de cisaillement a la base maximum de conception et de plastification. Par consequence, on 
pourrait rechercher des facteurs d'etalonnage afin d'obtenir des demarches preliminaires 
le plus proches possibles des resultats finaux. 
Le dernier chapitre 8 propose des recommandations pour des recherches futures et des 
applications potentielles dans le domaine des methodes de conception et d'analyse basees 
sur la performance sismique. Les methodologies des trois procedures explorees dans le 
contexte normatif canadien ont pour but d'utiliser un deplacement cible relie a un niveau 
d'alea sismique donne pour evaluer la performance sismique anticipe d'un batiment. Les 
methodes sont formulees de fagon a satisfaire les criteres de resistance des codes modernes 
de conception parasismique et en meme temps pour assister les ingenieurs en structure a 
limiter les deformations maximales et les deplacements inter-etages a des valeurs accep-
tables. Ce projet de memoire presente des resultats originaux relatifs a l'application de 
procedures non lineaires statiques alternatives pour evaluer la performance des structures 
en tenant compte du contexte normatif canadien. Ces resultats sont cependant prelimi-
naires, et doivent etre completes par une validation experimentale et un raffinement des 
procedures avant leur generalisation dans la pratique de tous les jours. 
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1 
C H A P T E R 1 
I N T R O D U C T I O N 
1.1 C o n t e x t 
Throughout human history, earthquakes have resulted in immense loss of lives and pro-
perty. Today, although significant progress has been achieved in the mitigation of earth-
quake hazard, the risk is even more increasing because of rapid urbanization in seismically 
prone regions. For many years, the main objectives of seismic design provisions in code 
standards worldwide have been primarily targeted towards safeguarding human life and 
avoiding major collapse in the aftermath of earthquake tremors. These objectives have 
been generally addressed by setting minimum prescriptive standards for construction ma-
terials, required strength and amount of deformation that may be tolerated under seismic 
loading. Complementary criteria that would ensure post-earthquake building functionality 
by confining damage to a certain level have not been considered explicitly in traditional 
building codes. 
Recent damaging Loma Prieta (1989), Northridge (1994) and Hyogo-Ken Nambu (1995) 
earthquakes marked an important turn in seismic hazard mitigation. They showed that 
structures designed according to prescriptive codes generally failed short of meeting ex-
pected performance objectives, namely economical ones. As a result, recent seismic provi-
sions are progressively implementing new criteria for an enhanced and predictable seismic 
performance in addition to satisfying traditional human safety objectives. It is hoped 
that these performance-based requirements would guarantee a predictable fraction of the 
structural as well as the nonstructural post-earthquake functional capacity of buildings. 
On the other hand, Canadian standards for seismic design have continuously evolved to 
account for state-of-the-art advances in earthquake engineering. The last editions of the 
National Building Code of Canada (NBCC 2005) (CCBFC 2005), as well as the Design 
of Concrete Structures Standard CSA A23.3-04 (Canadian Standard Association 2004) 
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are major updates of the previous ones, namely in terms of seismic hazard assessment 
and seismic design provisions of reinforced concrete buildings. These new standards are 
currently being implemented in every day practice of the Canadian structural engineering 
community. 
1.2 Problem Statement 
Research on Performance-Based Seismic Design (PBSD) was rarely conducted within the 
Canadian context of seismic standards and codes of practice. Most of this research was 
also validated considering Western North America (WNA) seismic hazard or other similar 
environments. It is however widely accepted now that the effects of Eastern North America 
(ENA) ground motions should be addressed because of their particularly high frequency 
content. The objective-based format of the new edition of the National Building Code of 
Canada (CCBFC 2005) is a first step towards a balanced combination of performance-
and prescriptive-based requirements. Rational and efficient methods to assess the seis-
mic performance and vulnerability of new and existing structures designed according to 
Canadian seismic standards are however still required. Among the PBSD approaches, 
Displacement-Based Design (DBD) methods, with displacements as the primary design 
parameters, are gaining world-wide acceptance and are gradually being implemented in 
modern design standards. These methods still need validation and refinement before being 
fully adopted by the structural engineering community in Canada and elsewhere. 
1.3 Objectives and Methodology 
The main objective of this work is to investigate the use of simplified displacement-based 
approches to assess the seismic performance of shear walls designed according to the 
new Canadian seismic standards. Three promising simplified techniques are adapted to 
the Canadian context of seismic hazard assessment and seismic detailing requirements of 
concrete structures. The main steps summarizing the methodology adopted are to : 
1. Design three cantilever shear walls with different heights and considering the effects 
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of ENA vs. WNA seismic hazards based on the seismic provisions of the NBCC 
2005 and CSA A23.3-04; 
2. Select three most promising displacement-based approaches based on an extensive 
literature revue; 
3. Develop a unified mathematical formulation and terminology to describe the selec-
ted methods and identify basic assumptions ; 
4. Use the selected techniques to assess the seismic performance of the three shear 
walls designed previously; 
5. Perform non linear time history analyses on the three shear walls to assess their 
seismic performance; 
6. Compare the results obtained using different approaches and formulate recomman-
dations. 
1.4 Thesis Organization 
The present thesis is divided in 8 chapters. Chapter 2 discusses the changes in the new 
concrete standard A23.3-04 and the National Building Code of Canada 2005 (NBCC 
2005), regarding seismic requirements for the shear walls design, as elements of the seismic 
force resisting system. 
The literature review, presented in Chapter 3, gives the main principles of three Displacement-
Based Desing (DBD) approaches, namely : (i) the Yield Point Spectra method (Aschheim, 
2000), (ii) the Direct Displacement Based-Design method (Priestley and Kowalsky, 2000), 
and (iii) the Inelastic Displacement Spectra method (Chopra and Goel, 2001). 
In Chapter 4 design of the model is described and the analysis according the afore-noted 
standard documents last edition are presented. Three building models are analyzed using 
the Equivalent Static Force Procedure (ESFP) and the Linear Spectral Analysis (LSA) 
procedure, recommended by the NBCC 2005. Two sites (i.e. Montreal, QC and Vancouver, 
BC) are used for analysis, as representative for the seismic specificity of Eastern and 
Western Canada. 
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Chapter 5 performs analysis of the three models in both cities, following the three DBD 
approaches. A target displacement profile and the effective properties of the substitute 
structure are established as a general basis of those methods. Detailed calculations are 
demonstrated for the 6-storey building in Montreal under the three DBD methods and 
the results for all other buildings in both Montreal and Vancouver are tabulated and 
graphically represented. 
Chapter 6 reflects the seismic demand of the three different height models for both sites 
through a nonlinear analysis performance. The chapter shows different seismic demands, 
characterizing Montreal and Vancouver seismic specificity and their compliance with the 
Code requirements. 
Chapter 7 compares the shear walls behavior analyzed through standard force-based engi-
neering practice with the corresponding models target-displacement profiling. Base shear 
forces and maximum displacements are used as a basis for comparison. 
The last Chapter 8 has the objective to discuss the Displacement-Based Design methods 
application. It aims to qualify at that level of understanding the three researched methods, 
to mark out the conclusions from the performed analyses and to make recommendations 
for a further investigation work in that direction. 
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CHAPTER 2 
REVIEW OF CANADIAN STANDARDS FOR SEISMIC DESIGN 
2.1 Introduction 
Concerns about both safe and economical seismic design of buildings are integrated more 
than ever in the new editions of the National Building Code of Canada (NBCC 2005) 
and the Canadian Standard CSA A23.3-04. New philosophy was reflected in the NBCC 
2005 and CSA A23.3-04 through including new performance-based recommendations and 
restrictions for the structures seismic design. The Standard CSA A23.3-04 outlines those 
recommendations specifically to the ductile concrete shear walls structures. 
The present chapter outlines the new provisions in the NBCC 2005 and CSA A23.3-
04 for the seismic design of buildings having ductile shear walls as structural elements 
forming the seismic force resisting system (SFRS). Overview of the new national seismic 
hazard maps generation, used for the seismic design in NBCC 2005, is given. Two types 
of analyses recommended by the NBCC 2005 are presented : (i) the equivalent static force 
procedure, and (ii) the dynamic analysis procedure. That chapter presents, as well, the 
new dimensional restrictions and rotational limitations in the design of ductile reinforced 
concrete shear walls, recommended in the new standard CSA A23.3-04, are discussed. 
2.2 National Building Code of Canada NBCC-2005 
The National Building Code of Canada (NBCC) has undergone many changes since its 
first issue in 1941 (Tinawi 2004). A new edition of the Code (NBCC-2005) was recently 
proposed by the Canadian Commission on Building and Fire Codes and published by the 
National Research Council of Canada (NRCC) (CCBFC 2005). In this edition, the Ca-
nadian National Committee on Earthquake Engineering (CANCEE) implemented major 
modifications to the earthquake design requirements in Part 4 of the NBCC. The new 
seismic provisions aim at adapting the Canadian code to recent advances in earthquake 
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risk mitigation in order to afford better public protection against earthquakes. The main 
improvements that resulted from this recent revisions are outlined next. 
2.2.1 Se ismic Hazard M a p s of Canada 
The NBCC-2005 uses a new fourth generation of seismic hazard maps of Canada (Adams 
and Halchuk 2003). The maps are based on estimation of the median ground motion 
on firm soil sites for a probability of exceedence of 2 % in 50 years. Adams et Halchuk 
(2003) provided spectral acceleration values at four specific periods as well as peak ground 
accelerations for more than 650 Canadian localities. The values, which can be extracted 
from tables or read on seismic hazard maps, are used to construct approximate site-specific 
uniform hazard spectra. 
The results summarizing of the median ground acceleration values are introduced into 
NBCC-2005 in a spectral acceleration format Sa(T), 5 % damped, for a reference soil 
profile C and based on a 2 % probability of exceedence in 50 years. This probability level 
corresponds to a return period of 2475 years. The uniform hazard spectra represents an 
envelope of maximum response spectra for a range of periods when an elastic single degree 
a freedom system is submitted to specific earthquakes at a given site. 
To estimate seismic hazard in Canada, as part of the incertitude, two source types are 
used as probabilistic models, such as the historical model (H) as first, and the regional 
(R) one, as second. The historical model, in general, uses relatively restricted zones, in 
the meaning - close to seismic sources, while the regional model is conceived for bigger 
zones, where important earthquakes could be produced. Both models H and R for the 
Eastern Canada were build up by Adams and Halchuk, while those for Western Canada 
- by Horner and Rogers. 
In addition to the probabilistic models for the more active seismo-tectonic parts, Adams 
and Halchuk introduced a probabilistic model of type F for the most tectonically stable 
part of Canada and the deterministic model of type C for the subbduction zone of Cas-
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cadia, where the last mentioned has generated big prehistoric earthquake events on the 
Vancouver island. To adopt a more realistic scenario for that part of Canada, one was 
chosen to use a deterministic model, instead of a probabilistic one and the seismic hazard 
of Cascadia was tabulated separately. But, in the meantime, a combination of these two 
models is suggested, so then the deterministic model with robust approach being combi-
ned to the probabilistic one. For design purposes aimed by the NBCC-2005, the values 
of the probabilistic model in combination with the last two models, such as the ones for 
Stable Canada and Cascadia subduction zone, result in one robust model (1995). The ro-
bust model is based simply on the maximum values of the four models for each grid point 
across Canada. The advantage of the robust model is that it ensures a good protection 
in both zones of high and low seismicity. 
2.2.2 Methods of Analysis 
Only the NBCC-2005 requirements related to shear walls earthquake resisting design are 
first reviewed. The NBCC-2005 propose two methods to establish the structural seismic 
analysis in Art.4.1.8.7 (CCBFC 2005) : the dynamic analysis method (Art. 4.1.8.12.) and 
the equivalent static force procedure (Art. 4.1.8.11.). The later method is permitted if at 
least one of the following conditions is satisfied : 
- The product value I^FaSa(0.2) is less than 0.35, where 1% denotes the seismic priority 
coefficient of the structure (Art. 4.1.8.5.), Fa is the acceleration coefficient for the site 
(Art. 4.1.8.4.) and 5a(0.2) is the spectral response acceleration with 5% damping, in 
terms of the gravity acceleration constant, for a period of T = 0.2 s (Art. 4.1.8.4.) ; 
- The structure is regular with a height less than 60 m and fundamental period Ta less 
than 2 s in each direction; 
- The structure is characterized with irregularity of type 1,2, 3, 4, 5, 6 or 8, as described 
per Table 4.1.8.6. of the NBCC-2005, with a height less than 20 m and fundamental 
period less than 0.5 s. 
2.2.2.1 Equivalent Static Force Procedure 
The fundamental principle of that method is to determine the dynamic response of a 
structure to earthquake sollicitations in her first mode of vibration. For structures satis-
fying any of the afore listed conditions, the Equivalent Static Force Procedure (ESFP) 
determines the minimum shear force V at the structure base according to the following 
equation, (Art. 4.1.8.11) : 
V = S ^ M ^ W (2.1) 
RdR0 
where 
- S(Tg) is the response spectral acceleration with 5 % damping, expressed in terms of the 
gravity constant for a given fundamental period Ta (Art. 4.1.8.4.); 
- Mv is the factor taking into account superior modes effect on the base shear force (Art. 
4.1.8.11.); 
- Rd is a force modification factor, reflecting the structural capacity of energy dissipation 
through out an inelastic behavior (1 < -Rd < 4) (Art. 4.1.8.9.); 
- R0 is a force modification factor, taking into account the structural over strength ca-
pacity (1 < R0 < 2.5) (Art. 4.1.8.9.); 
- W is the dead load including 25 % of the snow load plus 60 % of any storrage load and 
100 % of tank containing. 
The minimum shear force V [Eq. (2.1)] should not be less than Vmin, given by : 
/td-Ko 
In case of a lateral force resisting system (SRFS) with a value of R<\ equal or bigger than 
1.5, the minimum lateral force V should not exceed the force Vmax, expressed by : 
6 rtd-Ko 
9 
The fundamental period Ta for shear walls according to Art. 4.1.8.11.3.c) is calculated 
by the following Eq. (2.4) : 
Ta = 0 . 0 5 { / ^ (2.4) 
where hn is the total height of the structures in [m]. 
According to NBCC-2005 Art. 4.1.8.11.d) the fundamental period Ta used in the ESFP 
for shear walls, calculated by other methods of mechanics, shall be less than twice the one 
calculated per Eq. (2.4), (Art. 4.1.8.11). Thus Eq. (2.1) in Art. 4.1.8.11, gives the minimum 
shear force at the base of a structure, satisfying the requirements of Art. 4.1.8.6 of the 
NBCC 2005, previously denoted and imposes it as a basis of comparison and calibration, 
if necessary, with the shear force, resulting from a modal linear analysis. 
The spacial distribution of the total seismic lateral force V is effectuated in such a manner, 
that one part Ft of it is a top force and corresponds to the following requirements (Art. 
4.1.8.11) and the rest of the total force V — F t is redistributed over the whole structure 
height according to Eq. (2.5) : 
- the top force is F t = 0.07TaV, 
- the top force F t is less than 0.25V^, 
- Ft is considered as zero, if Ta < 0.7 s 
The lateral inertia force F x , acting at floor level x is given by : 
*=(V-«>(d^) (25) 
where : 
- Wx and Wi are the portions of the dead load corresponding to floor levels i and x; 
- hx and hi are the corresponding heights at floor levels i et x above the structure base; 
- n is the floor levels number. 
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The structure strength shall be verified for overturning effect caused by seismic forces 
[Eq.(2.5)]: 
n 
Mx = Jx^Fi(hi-hx) (2.6) 
i=x 
where : 
- Jx is the reduction coefficient of the overturning moment at floor level x, in function 
of the corresponding level height /ix, thus Jx = 1.0 for hx > 0.6/in or J + (1 — J)(06
x
h 
for hx < 0.6hn (Art.4.1.8.11). 
- hx and hi are the corresponding heights at floor levels i et x above the structure base 
(i = 0); 
- n is the floor levels number; 
- Ft is the lateral force calculated at level i. 
The coefficient J reflects the overturning base moment reduction (Table 4.1.8.11). 
Taking into account torsional effects, the National Building Code of Canada 2005 requires 
that torsion moments Tx shall be applied at each floor level of the structure, considering 
moments caused by an eccentricity ex between the gravity center and the center of rigi-
dity in addition to the moments caused by an accidental eccentricity, equal to ±0.1 Dnx 
[Eq.(2.7)]: 
Tx = Fx(ex + 0.1Dnx) 
(2.7) 
Tx = Fx{ex - 0.1£>nx) 
where Dnx is the in plane structure dimension, perpendicular to the lateral force direction 
at each floor level x. 
To quantify the structural sensibility in torsion, a parameter B was introduced in Art. 
4.1.8.11, Sentence (9)(NBCC 2005), as the bigger value of Bx [Eq. (2.8)], calculated sepa-
rately for both orthogonal directions of the structure at each floor level x. The torsional 
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FlG. 2.1 Schematic representation of a torsional sensitivity of a structure. 
Bx = 
where : 
~ ^max is the maximum storey displacement of structure extreme points at floor level x, 
in the earthquake direction, resulting from static equivalent lateral forces reacting at a 
distance ±0.10Dnx from the gravity center on each diaphragm; 
- <5ave is the average storey displacement of structure extreme points at floor level x, in 
the earthquake direction, produced from the afore mentioned forces. 
- Dnx is the plan dimension of the building at level x perpendicular to the direction of 
seismic loading being considered. 
2.2.2.2 Dynamic Analysis Procedure 
For its conformity to the requirements of NBCC 2005, the dynamic analysis shall be 
executed by one of the following methods : 
- Performing a Linear Dynamic Analysis according to the Modal Response Spectrum 
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Method (MRSM), or according to the Numerical Integration Linear Time History Me-
thod (NILTHM). The exigence for using a time history analysis is that the time history 
record values shall be compatible to the 5 % damped response spectra with probability 
of exceedence 2% in 50 years, required by the NBCC-2005 (Art.4.1.8.4.). 
- Performing a Nonlinear Dynamic Analysis. 
The code requires that the spectral acceleration values used in the Modal Response Spec-
trum Method shall be the design spectral acceleration values, S(T), explained in this 
chapter. In the case of a Linear Dynamic Analysis, the base shear force VH is calculated 
( h \ through multiplying the elastic shear force at the base, Ve, by a factor I I. Ve results 
\RdRoJ 
either from the MRSM or the NILTHM. 
When the base shear force VH is less than 80 % of the lateral force V, one is considered 
that Vd = 0.8V", exception are irregular structures, where the maximum value is VH = 
max ( Ve (-^~ J ; 100 %V J (Art.4.1.8.12). V is calculated through the ESFP, described 
previously in that paragraph according to NBCC 2005 (Art.4.1.8.11.) 
Taking into account the accidental torsion effects, which is produced in the same time 
as the lateral seismic forces, the NBCC-2005 requires one of the following methods being 
respected : 
- Combining the static effects from torsion moments, caused by Fx(±0.1.Dnx) at each floor 
level x where Fx was already established by equation 2.5 or calculated by a dynamic 
analysis; 
- The new code allows an accidental torsion ±0.05J9nx being used at each floor level of 
the structure, when B < 1.7 was obtained through-out a three dimensional analysis 
performance (Art.4.1.8.12). 
2.3 Concrete Standard CSA A23.3-04 
Shear walls, as subject of the capacity design, required by the National Building Code 
of Canada 2005, shall conform to the special paraseismic design provisions of Clause 
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21 (Canadian Standard Association 2004). Structural design conforming to the Code 
required capacity design, begins with choosing a kinematically consistent mechanism, after 
which all other structural elements of the lateral force resisting system shall be conceived 
with sufficient reserve strength capacity, so then the previously chosen mechanism for 
energy dissipation would be maintained in the so defined locations without developing 
any additional mechanism throughout appearing deformations, as required by Clause 
21.2.1 (Canadian Standard Association 2004). Shear walls, as part of the lateral force 
resisting system, shall be dimensioned in a manner, being of sufficient ductility and in the 
same time, of sufficient rigidity so to allow inelastic displacements without provoking any 
rupture in the structure itself. Locations, where one was assumed an inelastic behavior 
could be produced, are called plastic zones, chosen mainly at shear wall base. Plastic zones 
correspond to special requirements for shear walls design, minimum reinforcement in both 
directions, vertical and horizontal, as well as a minimum anchorage required and a depth 
of the zone in compression. The special requirements provided for the plastic hinge zone 
target a flexural hinging location in that specific locations in order to avoid plastification 
to occur out of the plastic hinge zone. Flexural moment restrictions, provided in the 
standard CSA A23.3-04 are conceived in order to achieve it. 
2.3.1 Flexure Moment Restrictions 
In general, each shear wall shall be conceived for plastic zones at each floor level, and 
thus conforming to the special seismic requirements, unless one is demonstrated that the 
plastification is limited at the structure base (CI.21.6.2.1). The concrete standard CSA 
A23.3-04 suggests as verification for that requirement, that flexure moments and shear 
forces, obtained throughout seismic analysis at each level above the plastic zone, shall be 
multiplied with the ratio of the factored moment resistance Mr to the factored moment Mf, 
where both moments are calculated for the superior part over the plastic zone. Graphical 
representation of the factored moment, obtained by design, the possible factored moment 













F I G . 2.2 Capacity design moment demands for ductile shear walls 
2.3.2 Detailing of Shear Wall 
Detailing of a ductile shear wall is performed through following steps : 
- Loading on shear walls, according the National Building Code of Canada, (Art.4.1.3.1 
and Table 4.1.3.2) shall be determined upon the combination of 1.0D + 0.5L +0.255 + 
1.0E, where D is dead load, L - live load, S - snow load and E - seismic load; 
- Requirements for the minimum distributed and concentrated reinforcement, as well as 
for its anchorage and splicing are presented in details by Clauses 21.6.5 and 21.6.6 
(Canadian Standard Association 2004). It shall be used at least two curtains of rein-
forcing bars, both verticals and horizontal, if in zones, developing plastic hinges, the 
factored shear force Vf is bigger than O.18A0cv7cA;v (CI. 21.6.5.3). Vertical reinforcing 
bars shall be placed outside horizontal ones. 
- Verification of the resisting moment Mr is done after a preliminary design, so then it 
shall be bigger than the factored moment : Mr > Mf, where Mr is calculated upon 
using material coefficients for concrete and steel - <f>c — 0-65 et 0S = 0.85, according to 
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CSA A23.3-04 (Clause 8.4.2 and 8.4.3). 
2.3.3 Dimensional Restrictions of Shear Walls 
Changes in dimensional restrictions limited the shear wall thickness in the plastic hinge 
zone y-, as a minimum requirement, where Zu is the clear distance between floor levels 
(CI. 21.6.3.2). In general, thickness restrictions for a shear wall in the plastic hinge zone, as 
Zu10, are maintained from the ancient code seismic provisions (CCBFC 1995). Exception 
from the last requirement are parts of the shear wall, disposed at a distance bigger than 
half the distance between neutral axis and the end in compression of the shear wall section 
under factored forces acting on it. 
2.3.4 Restrictions in Rotation 
Important changes in shear walls design are related with displacements and rotational li-
mitations. Shear walls, characterized by continuity in their transversal section over whole 
element length and which are envisaged with a plastic hinge at their base only, as it is 
the present case study, shall be verified for ductility demand according to CI. 21.6.7, (Ca-
nadian Standard Association 2004). Special seismic provisions for ductile shear walls, 
Rd = 3.5 in present case, demand that the inelastic rotation 0;<j (CI. 21.6.7.2), calcula-
ted by Eq. (2.9), as demonstrated on Fig. 2.3.4, is smaller than the rotational inelastic 
capacity 6\c, calculated by Eq. (2.10). 
,d = (
A f^d-7wA f ) > a 0 0 4 ( 2 9 ) 
where : 
- Af - top shear wall displacement, due to factored loading, 
AfR0Rd - total displacement, 
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Af^o/? 
FlG. 2.3 Inelastic rotation 
7wAf - displacement elastic part, 
7W - shear wall over strength factor, equal to the ratio of corresponding loading to 
nominal moment strength imposed on the wall versus factored loading imposed on the 
wall ,-r~. 
Mf 
7W shall not be less than the value of 1.3, 
£w - longest shear wall horizontal dimension in considered direction, 
/iw - shear wall height. 
The value of 0.004 is considered as a minimum rotational demand. Canadian standard 
(CI. 21.6.7.3) express the rotational inelastic capacity according to Eq. (2.10) : 
2c 
0.002 < 0.025 (2.10) 
where : ecu - maximum elongation of extreme concrete fiber in compression at the moment 
of reinforcement ultimate relative deformation. ecu = 0.0035, unless the shear wall section 
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in compression is confined as a column according standard requirements of CI. 21.6.7.4 . 
c - neutral axis depth, measured from the concrete section end in compression. The depth 
c could be determined through out calculating the factored flexural strength of the shear 
wall, submitted at axial loading Ps, Pn and Pns or as well on the basis of Eq. (2.11) given 
by same standard (CI. 21.6.7.3). 
Ps + Pn + Pn s ~ aM'cAf 
where : 
- Af - flange area; 
- P-a - earthquake provoked effort, transmitted between elements of an coupled shear wall 
system. That effort shall be considered as the amount of shear efforts at both ends, 
corresponding to the coupling beam nominal flexural strength in the section upper part, 
- Pns - nominal net effort soliciting a section relative to the direction in study, due to a 
shrinkage at tension or compression of the concentrated or distributed reinforcement 
at the time of a plastic hinge formation, 
- Ps - axial effort of the section, due to surcharge and specified dead surcharges amount, 
- a i = 0.85 - 0.0015/'c > 0.67; 
- /?i = 0.97 - 0.0025/'c > 0.67; 
2.3.5 Shear Force Restrictions for Ductile Shear Walls 
In order of not reducing the energy dissipation in an earthquake solicitation, special 
seismic provisions, provided by CSA A23.3-04 (CI. 21.6.9.1) require that shear force at 
wall base do not control the shear wall capacity. Thus, shear walls shall possess much 
bigger shear strength that the one due to factored loading at the moment of developing a 
plastic hinge. The concrete standard demand that the factored shear resistance shall be 
bigger that the lesser of the following values : 
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1. Shear force, corresponding to a shear wall probable capacity in a plastic hinge zone. 
The design shear force is Vp — 7pVf, where 7P = ^
w . The resisting probable 
moment Mpw is calculated on the basis of coefficients (j)c = 1, 4>s = 1 and 1.25/j, 
and Mf is the moment due to factored loading. 
2. Shear force, resulting from a seismic combination of factored loading, calculated on 
the basis of R^Ro — 1.0. The concrete standard requires as well, that shear force 
due to factored effect loading takes into account superior modes inelastic effect. 
In addition for the plastic hinge zone, CI. 21.6.9.6 (Canadian Standard Association 2004) 
requires that the factored shear demand for a ductile shear wall is VT — Vc + Vs < 
0.lcf)cfcbwdv with exception that the inelastic rotational demand of a shear wall shall be 
less than 0.015, i.e. 9\& < 0.015. If 6\& < 0.005, the factored shear demand could not exceed 
0.15(/>c/c6wdv. For factored shear demand between that limits, such as 0.005 < #jd < 0.015, 
the shear demand shall be calculated through out a linear interpolation. 
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CHAPTER 3 
UNIFIED FORMULATION OF DISPLACEMENT-BASED DESIGN 
METHODS 
3.1 Introduction 
In the last decades, earthquakes have increased public awareness about the high cost 
associated with post-earthquake damage repair in addition to human life loss. Therefore 
modern seismic design concerns are expected to shift beyond life safety to economic consi-
derations. However, the Building Code is still force-based and the interstorey drift ratio, 
verified in the end of the design procedure, gives no clear relation between the life safety 
goals and the expected performance level. Alternative performance-based design methods 
have been researched to accomplish those goals. Main principles of that methods are to 
target first the structure maximum displacement, in order to satisfy specific performance 
requirements, and then to define the system strength needed further for the system design. 
3.2 Performance Based Design Methods 
Throughout human history, earthquakes have resulted in immense loss of lives and pro-
perty. Today, although significant progress has been achieved in the mitigation of earth-
quake hazard, the risk is even more increasing because of rapid urbanization in seismically 
prone regions. In this context, rational and efficient methods to assess both the seismic 
performance and vulnerability of new and existing structures are needed. 
The seismic provisions of the current generation of building standards including the Natio-
nal Building Code of Canada (NBCC 2005), advocate the use of conventional Force-Based 
Design (FBD) procedures. According to this approach, elastic base shear required to keep 
a ground shaken structure linear-elastic is first determined, based on smoothened soil 
dependent elastic spectral accelerations. The structure is then designed to have a yield 
strength obtained by dividing the elastic base shear by a force modification factor. This 
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reduction factor depends on the lateral force-resisting system used, and is assumed to 
account for the structure's ductility capacity and inherent overstrength. The structure is 
then subjected to a set of equivalent lateral forces obtained from the vertical distribution 
of the design base shear over the building height. Once the resulting deformations are 
checked to be within code prescribed limits, proportioning and detailing of the structural 
members follow to insure a controlled ductile behaviour. 
The FBD procedures, which are meant to be simple and economic, have generally served 
the profession to design safe structures. However, it was found based on recent severe 
earthquakes statistics, that structures designed according to prescriptive codes generally 
failed short after meeting the expected performance, namely economical ones and still 
modern codes do not provide connection between the seismic hazard level and the per-
formance expected one, corresponding to the expected damage. During the last decade 
however, the international design community has shown a major interest in Performance-
Based Seismic Design (PBSD) methods as alternatives to prescriptive current building 
codes (Vision-2000 1995; FEMA-273/274 1997). This evolution is aimed at giving the 
designer more flexibility to meet target performance and economic objectives, instead of 
restricting design validity to prescriptive strength and stiffness criteria. Among the new 
PBSD approaches, Displacement-Based Design (DBD) methods, with displacements as 
the primary design parameters, are gaining world-wide acceptance and are gradually being 
implemented in modern design standards. However, these methods still need validation 
and refinement before being fully adopted by the structural engineering community. 
An extensive literature review has shown that three DBD methods are most effective 
for limiting roof drift and system ductility to target one or multiple performance objec-
tives : (i) The Yield Point Spectra (YPS) method (Aschheim and Black 2000); (ii) the 
Direct Displacement-Based Design (DDBD) method (Priestley and Kowalsky 2000); and 
(hi) the Inelastic Design Spectra (IDS) method (Chopra and Goel 2001). The three DBD 
techniques are investigated in the current work while applied to shear walls submitted to 
new code prescribed Canadian seismic hazard (NBCC 2005). 
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3.2.1 Force-Displacement Response Modelling 
The lateral force-displacement curve of a structure is shown in figure 3.1. An idealized 
bilinear force-displacement relationship and the linear relationship of the corresponding 
elastic system are also shown. We denote Ae and Ve the peak earthquake-induced displa-
cement and corresponding resisting force of the elastic system. The yield displacement 
and corresponding yield strength of the bilinear system are denoted by Ay and Vy. The 
yield strength reduction factor Ry is defined by 
* = v = IT f3-1' 
^y ^ y 
Denoting Au the peak earthquake-induced displacement, the system's displacement duc-
tility factor is defined by 
M = ^ = ^ (3-2) Av -
1 y AP 
Figure 3.1 also shows the design strength Vdes, defined as the lateral elastic force divided 
by a force modification factor i?des 
Vdes = ~ - (3.3) 
-^des 
Art.4.1.8.9 of the NBCC-2005 defines two force modification factors : i?a to account for 
energy dissipation through inelastic deformations, and R0 to quantify potential overs-
trength in the structure. 
3.2.2 Elastic and Inelastic Design Spectra 
An inelastic Acceleration Design Response Spectrum (ADRS) is a constant ductility plot 
of inelastic pseudo-acceleration Ay against the natural period T of a SDOF oscillator (Cho-
pra and Goel 2001). The elastic and yield strengths Ve and Vy are related to the elastic 
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Idealized Elasto-plastic response 
Au = ^Ay A 
FlG. 3.1 Force-displacement relationships. 
and yield pseudo-accelerations Ae and A, by 
VP = ^W (3.4) 
J IT 
(3.5) 
where W is the weight of the SDOF system. The yield pseudo-acceleration Ay can then 
be written as 
V.. 
(3.6) J\v — T^T J\.Q y VP 
or, using Eq. (3.1) 
A (3.7) 
The constant-ductility inelastic ADRS can then be constructed by dividing the elastic 
ADRS by yield strength reduction factors Ry obtained for given ductility and natural 
period (Chopra and Goel 2001). 
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The inelastic Displacement Design Response Spectrum (DDRS) is a plot of the peak 
displacement Au as a function of the system natural period T. It can be obtained using 
the following expression : 
-2 rpl 
"4^Ay = M472 R, 
A« = »7I».Ay  ^7Z2 TT ( 3 - 8 ) 
Another type of inelastic spectra is the Yield Point Spectrum (YPS), defined as a plot of 
the yield points of SDOF oscillators having constant displacement ductility // for a range 
of oscillator periods T (Aschheim and Black 2000). The yield points are plotted on the 
axes of yield displacement Ay and yield strength coefficient Cy, defined by 
w Cy = ^ (3-9) 
where W is the weight of the SDOF oscillator. 
Yield point spectra can be generated using two approaches : (i) an 'exact' method where 
the largest strengths corresponding to a peak ductility demand are determined for a range 
of periods and ground motions (Figure 3.2a), and (ii) an approximate method based 
on code prescribed design spectra using smoothed relationships between yield strength 
reduction factor Ry, ductility /x and period T (Figure 3.2b). The second approach produces 
smoothed yield point spectra, and is clearly more attractive to maintain consistency with 
current design practice. The effectiveness of this approach has not been fully validated 
however, namely when applied to spectra from various seismic code provisions. Part of the 
present work investigates the effectiveness of using smoothed YPS obtained from Uniform 
Hazard Spectra (UHS) proposed in the new 2005 edition of the NBCC (NBCC 2005). 
3.2 .3 S t r e n g t h R e d u c t i o n F a c t o r s 
Several researchers focused on developing ductility dependent yield strength factors (Nas-
sar and Krawinkler 1991; Vidic et al. 1992; Miranda and Bertero 1994). A good account 
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FlG. 3.2 Construction of Yield Point Spectra : (a) 'Exact' method; (b) Approximate 
method. 
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relie on assumed Ry — fx — T relationships to relate inelastic to elastic design spectra. For 
the purpose of the present study, methods proposed by Miranda (1993) and Nassar and 
Krawinkler (1991) are investigated. 
3.2 .3 .1 Miranda M e t h o d 
Miranda (1993) studied 124 different ground motions to evaluate the effects of earthquake 
magnitude, epicentral distance and local site conditions on yield strength reduction fac-
tors. The ground motions used were recorded on a large range of various soil conditions 
classified into three groups corresponding to rock, alluvium and very soft soil deposits 
with low shear wave velocities. Mean strength reduction factors for each soil group were 
computed based on the response of 5 % damped bilinear SDOF systems with displace-
ment ductilities ranging from 2 to 6. The study concluded that strength reduction factors 
are only slightly influenced by earthquake magnitude and epicentral distance, however, 
they are highly sensitive to soil conditions, especially for soft soil sites. Miranda (1993) 
proposed the following simplified expression to estimate strength reduction factors : 
Ryifj) M 
$ 
+ 1 > 1 (3.10) 
in which $ is a function depending on the SDOF system period T, the ductility /x and 
the site conditions as follows 
$ = 1 + 
$ = 1 + 
1 J_ 
( 1 0 - / i ) T ~ 2T 
1 J2_ 
( 1 2 - / i ) T ~ 5T 
exp 
exp 
, T 3 T 
$ = 1 + T^ ; TT^r e x p 
3T 4T v 
-3 In: 
3-UT-3-
2 V 5 
2 I n T 
T 1 
T 4 
for rock sites 
for alluvium sites 




where T is a predominant period defined as the period of the 5 % damped SDOF sys-
tem yielding the maximum relative velocity when submitted to the ground motion under 
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consideration (Miranda 1993). It is worth mentioning that for soft soils, the $ parameter 
is very sensitive to small variations in the ratio T/T which is difficult to estimate (Mi-
randa 1993). Consequently, the use of Eq. (3.13) should be associated with a higher level 
of uncertainty that Eqs. (3.11) and (3.12). 
For the needs of the present work, Eqs. (3.11) to (3.13) are adapted to the site classifi-
cation described in the NBCC 2005 by assuming the correspondence shown in Table 3.1. 
Figure 3.3 illustrates the variation of the strength reduction coefficient Ry(fj) as a function 
of different soil types and displacement ductilities ranging from 2 to 6. For soil profile E, 
the ratio T/T is used instead of T along the periods axis. The curves clearly show that 
important variations of the yield strength reduction factor Ry(fj) are mainly concentrated 
in the 0 s to 4 s range for rock soils, 0 s to 3 s for alluvium soils, and 0 s to 3T for soft soils. 
TAB. 3.1 Correspondence between soil groups proposed by Mi-
randa (1993) and NBCC 2005 site classification 




Soft Soil sites 
NBCC 2005 site classification 
(CCBFC 2005) 
=*• A, B 
=> C,D 
=» E 
Figures 3.4 and 3.5 portray inelastic response spectra obtained by dividing the NBCC-
2005 UHS for Montreal and Vancouver, respectively, by corresponding yield strength 
reduction factors. Inelastic spectra are shown for displacement ductilities ranging from 2 to 
6 considering the five soil profiles (A, B, C, D) listed in Table 3.1. Results for soft soil 
types are not presented since they require the estimation of the predominant period T. 
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FlG. 3.3 Variation of strength reduction factor Ry(/j.) obtained using Miranda (1993) 
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FIG. 3.4 Inelastic spectra for various soil profiles at Montreal with Ry{fi) obtained using 
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FlG. 3.5 Inelastic spectra for various soil profiles at Vancouver with Ry(n) obtained using 
Miranda (1993) method : (a) Soil type A ; (b) Soil type B ; (c) Soil type C ; (d) Soil type D. 
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3.2.3.2 Nassar and Krawinkler Method 
Nassar and Krawinkler (1991) studied the variation of Ry(fJ-) through the investigation of 
the dynamic response of Single Degree of Freedom (SDOF) nonlinear systems subjected 
to 15 ground motions recorded in the Western United States, mainly at alluvium and rock 
sites. Their study examined the sensitivity of the mean value of -Ry(//) to the epicentral 
distance and to structural system parameters, such as natural period T, strain-hardening 
ratio and inelastic material behavior. They concluded that the epicentral distance and 
stiffness degradation have a negligible influence on strength reduction factors. Based on 
the obtained results, Nassar and Krawinkler (1991) proposed a formula to estimate -Ry(/i) 
1 
Ry(ti)= [ c ( / / - l ) + l ] c (3.14) 
where the coefficient c is given by 
c(T'a) = T T ^ + ^ (3-15) 
in which a is the post-yield stiffness coefficient defined as a percentage of the initial system 
stiffness, and the parameters a and b are listed in Table 3.2. 
TAB. 3.2 Parameters used in the Nassar and 













The variation of the strength reduction coefficient Ry(n) as a function of displacement 
ductilities ranging from 2 to 6 is illustrated in Figure 3.6. The three post-yield stiffness 
coefficients a listed in Table 3.2 are considered. 
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FIG. 3.6 Strength reduction coefficient Ry([i) obtained using Nassar and Krawinkler 
(1991) method for different post-yield stiffness coefficients : (a) a=0.00; (b) a=0.02; 
and (c) a=0.10. 
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ductilities obtained by dividing the NBCC-2005 UHS for Montreal and Vancouver, res-
pectivly, by yield strength reduction factors. For comparison purposes, inelastic spectra 
are shown for the same soil profiles (A, B, C, D and E) listed in Table 3.1. In fact, in 
this case, soil effects are accounted for only through the site dependence of the spectral 
accelerations according to the NBCC 2005. For illustration purposes, a value of a — 0 is 
arbitrarily adopted to obtain the inelastic spectra in both cities. 
The following two particularities of the Nassar and Krawinkler (1991) method can be 
pointed out : 
- The method accounts for the elasto-plastic hysteretic behaviour through the coefficient c 
given by Eq. (3.15); 
- The influence of soil conditions is not explicitly considered as in the method of Mi-
randa (1993). 
Strength reduction factors Ry(fi) determined using Miranda (1993) and Nassar and Kra-
winkler (1991) methods are shown in Fig. 3.9. An alluvium soil profile and a post-yield 
stiffness without hardening (a = 0) are considered. It can be observed from Fig. 3.9 that 
the yield strength reduction factors obtained using Miranda (1993) method are generally 
higher than those obtained according to Nassar and Krawinkler (1991). The difference 
between both methods decreases however for lower displacement ductilities. 
The inelastic response spectra obtained using both methods are also shown in Figs. 3.10 
and 3.11. A soil profile C and a value of a = 0 for the structural system are considered. 
It is clearly seen that the main differences between the two methods concentrate in the 
very short period range. For the purpose of the present work, the method proposed by 
Miranda (1993) is used mainly because it covers a wide range of ground motion types 
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FIG. 3.7 Inelastic spectra for various soil profiles at Montreal with Ry(fj) obtained using 
Nassar and Krawinkler (1991) method : (a) Soil type A; (b) Soil type B; (c) Soil type 
C; (d) Soil type D and (e) Soil type E. 
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FlG. 3.8 Inelastic spectra for various soil profiles at Vancouver with Ry{n) obtained using 
Nassar and Krawinkler (1991) method : (a) Soil type A; (b) Soil type B; (c) Soil type 
C ; (d) Soil type D and (e) Soil type E. 
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FlG. 3.9 Yield strength coefficient factor -Ry(/u) obtained for various ductilities using 
Miranda (1993) and Nassar and Krawinkler (1991) methods. 
3.2.4 Seismic Hazard Levels, Target Displacements and Performance Objec-
tives 
In the present work, three Seismic Hazard Levels (SHL) corresponding to return periods 
of approximately 2500 years (SHL-2500), 475 years (SHL-475) and 75 years (SHL-75) are 
considered to achieve specified performance objectives. The corresponding median (50th 
percentile) spectral response accelerations expressed as a ratio to gravitational accelera-
tion g are listed in Tables 3.3 and 3.4 for the cities of Montreal and Vancouver, respectively 
(Adams et al. 1999 ; CCBFC 2005). The values are given for the reference firm soil ground 
conditions of site Class C, and at periods of 0.2, 0.5, 1.0 and 2.0 seconds. The accelera-
tion response spectra associated with the three seismic hazard levels for Montreal and 
Vancouver are shown in Figure 3.12. 
As mentioned before, the main objective of Performance-Based Design is to closely relate 
expected performance levels to expected seismic hazard. Pioneering and comprehensive 
descriptions of such correlations are presented through the guidelines in SEAOC Vision 
2000 (1995), FEMA-273/274 (1997), and SEAOC Blue Book (1999). To achieve adequate 
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FIG. 3.10 Inelastic spectra generation for alluvium soil site at Montreal and various duc-
tilities based on Miranda (1993) and Nassar-Krawinkler (1991) methods : (a) ;u=2; (b) 
A^=3; (b) fi=3; (c) /x=4; (d) n=5 and (e) /i=6. 
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FIG. 3.11 Inelastic spectra generation for alluvium soil site in Vancouver and various 
ductilities based on Miranda (1993) and Nassar-Krawinkler (1991) methods : (a) fj,—2; 
(b) / /=3; (b) /x=3; (c) \x—A.\ (d) /i=5 and (e) /z=6. 
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TAB. 3.3 Spectral response accelerations for three seismic hazard levels at the city 
of Montreal. 
Probability of exceedance 
Return period 
SHL-75 
50 % in 50 year 
75 years 
SHL-475 
10 % in 50 years 
475 years 
SHL-2500 
2 % in 50 years 
2500 years 
Sa(0.2) 0.088 0.290 0.690 
Sa(0.5) 0.036 0.130 0.340 
Sa(1.0) 0.013 0.052 0.140 
Sa(2.0) 0.004 0.016 0.048 
T A B . 3.4 Spectral response accelerations for three seismic hazard levels at the city 
of Vancouver. 
Probability of exceedance 
Return period 
SHL-75 
50 % in 50 years 
75 years 
SHL-475 
10 % in 50 years 
475 years 
SHL-2500 
2 % in 50 years 
2500 years 
Sa(0.2) 0.200 0.520 1.000 
5a(0.5) 0.140 0.350 0.670 
S'a(1.0) 0.069 0.180 0.340 
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FIG. 3.12 Acceleration response spectra for different seismic hazard levels considered for 
the cities of Montreal and Vancouver. 
should be sized and detailed to allow inelastic deformations within the limits of acceptable 
structural damage. On the other hand, it is now widely proven that nonstructural damage 
results in both significant hazard to occupants and major economic loss. It is also accepted 
that nonstructural damage is more related to interstorey drift, rather than overall lateral 
deflection of the building. In this report, the lateral displacement at level i is denoted 
by Aj, and the interstorey drift at level i by Si — A; — Aj_i. The seismic provisions 
of current building codes generally relate the structural and nonstructural damage at 
level i to Interstorey Drift Index IDI i, defined as the percentage ratio of interstory lateral 
deflection to storey height 
,« ; 
IDI; 
A, i - l 
hi — hi-i # 
(3.16) 
where hi is the height of the i storey. 
Art. 4.1.8.13 of the NBCC 2005 limits the maximum interstorey drift index to 1 % for 
post-disaster buildings, 2 % for schools, and 2.5 % for all other buildings. These drift 
limits are inspired by the SEAOC Vision 2000 document (SEAOC 1995; Devall 2003), 
shown in Figs. 3.13 and 3.14. They can be related to the three seismic hazard levels SHL-
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75, SHL-475 and SHL-2500 used in the present work. However, the displacement-based 
design methods investigated herein do not directly use interstorey drift index limits as an 
input, they rather require the definition of a target displacement profile of the structure 
considered. The construction of such a target displacement profile based on prescribed 
criteria is illustrated next for a shear wall building. 
It can be assumed that the lateral wall displacement A; at level i is comprised of an 
elastic portion Ajie and an inelastic or plastic portion Ai>p 
Ai = Ai,e + AiiP (3.17) 
In the same fashion, the wall rotation #, at level % can be expressed as the sum of an 
elastic rotation 9i# and a plastic rotation 9iiP 
@i = #i,e + 0i,p (3.18) 
Assuming that the elastic portion of the shear wall overall displacement coincides with its 
yield displacement (UBC 1997; Paulay 2001), and considering a lateral static load in the 
form of an inverted triangle, the elastic lateral displacement Ajie and elastic rotation 0i<e 
at level i located at wall height hi are given by 
A i ' e = W (^ ~ 10hih* + 2 0 ^ ) ( 3 ' 1 9 ) 
Bi,e = ^ (hf - Ghihl + 8^4) (3.20) 
where <j>y is the wall yield curvature, and hw the height of the shear wall. The yield 
curvature may be considered as the curvature at the first yielding of the wall extreme lon-
gitudinal reinforcement as reported in Paulay (2001). For load ratios less than about 0.15, 



















Damage States and Performance Level Thresholds 
rational 
No damage, continuous service 
Continuous service, facility operates and 
functions after earthquake. Negligible structural 
and nonstructural damage. 
Operational 
Most operations and functions can resume 
immediately. Repair is required to restore some 
non-essential services. Damage is light. 
Continuous service, facility operates and 
functions after earthquake. Negligible structural 
and nonstructural damage. 
Damage is moderate. Selected building systems, 
features or contents may be protected from 
damage. 
Life safety is generally protected. Structure is 




Structural collapse prevented. Nonstructural 
elements may fall. 
Structural damage is severe, but collapse is 
prevented. Nonstructural elements fall. 
Collkpse 
Portions of primary structural system collapse. 
Complete structural collapse. 
F I G . 3.13 Seismic damage spectrum from SEAOC Vision 2000, adjusted for NBCC 2005 
drift requirements by DeVall (Devall 2003). 
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Drift Limit Fully Operational Life Safe Near Probability 
Operational Collapse of Exceedance 
(0.2%) (0.5%) (1.5%) (2.5%) 
_ Frequent 
£ (43 years) 
e "° 
.of .2 Occasional 















^ r*i \ 
Ox 
3*t. 
50% in 30 years 
50% in 50 years 
10% in 50 years 
5% in 50 years 
Legend : • Basic Objective - Proposed NBCC Normal Importance 
• Essential Service Objective - Proposed NBCC High Importance 
* Safety Critical Objective - No Proposed NBCC Category 
° Unacceptable Performance for New Construction 
F I G . 3.14 Target performance objectives from SEAOC Vision 2000, adapted to 
NBCC 2005 drift requirements by DeVall (Devall 2003). 
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reinforcing steel ratios, the yield curvature can be approximated as 
2ev -y (3.21) 
According to Eqs. (3.19) and (3.20), the wall elastic displacement and rotation are maxi-
mum at roof level hn = hw 
V e = ^ M w (3-22) 
3 
0n,e = Q<Pyhw (3.23) 
The plastic lateral displacement A,)P at level i can be expressed as 
A i lP = ep(hi--Z) (3.24) 2 
in which 0p is the plastic hinge rotation at wall base, and lv the length of the plastic 
hinge. The inelastic rotation 0jiP at any level % is equal to the plastic hinge rotation 6P at 
the base of the wall : 
9i,P = W = 8P (3-25) 
Note that the shear wall performance is assessed herein based on the assumption of 
plastic hinging at the wall base. The plastic rotation limit can be estimated either using 
interstorey drift limits prescribed by the NBCC 2005, or based on wall rotational capacity 
given in the CSA A23.3-2004 standard. 
Equation (3.18) yields 
3 
Jt,e — " n un,e — "n j , V y " w K (3.26) 
Using Eqs. (3.17), (3.19), (3.24) and (3.26), the lateral wall design displacement can be 
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written as 
A* = ifjf ^ - l0kihl + 2 ° ^ + {6n - 1^^ ) (* " I ) (3"27) 
which yields a target roof displacement 
A n = ^ ^ y / 4 + ( # n - j ^ / l w ) (/Iw - | ) (3-28) 
The building Roof Drift Index RDI is defined as the percentage ratio of lateral displa-
cement at roof level to total building height RDI = An/hn (Figure 3.15). Hence, using 
Eq. (3.28) 
R D I=£=£=%*>*•+(*• - !*»*•) I1 - k) (3'29) 
The rotation 6n is approximately equal to the interstorey drift index at the top storey 
0 „ « I D I n (3.30) 
Considering the code prescribed inter-story drift indices and using Eqs. (3.27) and (3.30), 
the target displacement profile corresponding to each of the performance levels described 
above can be determined. It is important to mention that this target profile is based solely 
on drift index limitations, and will be designated here as a drift-controlled displacement 
target profile. On the other hand, referring to Eq. (3.26), it can be seen that limitations 
on plastic hinging at the base of the wall may also control the target displacement profile. 
These target inelastic rotations can be obtained from setting target concrete compression 
or steel tension strain limit states. Canadian standards do not however specify such strain 
target values in terms of performance levels. For illustrative purposes, the target plastic 
hinge rotations proposed in the FEMA-273/274 are used to obtain what is designated 
herein as rotation-controlled target displacement profiles. 
Table 3.5 summarizes the performance criteria used in the current work to obtain target 
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^n — ^roof 
A n - 1 
A,_! 
F IG . 3.15 Storey drifts Aj, interstorey drifts Si and heights hi, i = 1 . . . n, in a n-storey 
building. 
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drift- and rotation-controlled target displacement profiles as a function of seismic hazard 
levels. 
TAB. 3.5 Seismic hazard levels and corresponding displacement performance objectives. 
Seismic hazard level 
Interstorey drift limit (% of storey height) 














3.2.5 Equivalent Single Degree of Freedom and the Substitute Structure Me-
thod 
It can be generally assumed that the dynamic response of a multistory building is governed 
by the equation of motion of a Multiple Degree Of Freedom System (MDOF) 
MU(t) + CU(t) + KU(t) - - M l u s ( t ) (3.31) 
in which 
- U is a vector containing lateral displacements ui relative to the building base, taken 
at n floor levels, i = 1 . . . n; 
- M is a diagonal matrix containing lumped masses at the the n floor levels; 
- C and K are the corresponding damping and stiffness matrices, respectively; 
- 1 is a unit vector with n rows; 
- tig is the ground acceleration time history. 
Denoting un the relative displacement at the roof level, we can write 
V(t) = il>un(t) (3.32) 
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where ip is an assumed shape vector representing the deformed configuration of the MDOF 
system. Using Eq. (3.32) and Eq. (3.54) and pre-multiplying both sides of Eq. (3.31) by 
the transpose of the assumed deformed shape, yields 
xprM il> un{t) + V T C V un{t) + i/>TK ip un(t) = -</>
TM 1 ug{t) (3.33) 
which can be transformed into the equation of motion of an Equivalent Single Degree of 
Freedom (ESDOF) 
<(t) + ~ <(t) + ^ <(*) = -«g(*) (3-34) 
where the ESDOF displacement u*(t) is defined by 
«*(*) = ^ # (3-35) 
in which T is a participation factor defined by 
^ T M 1 
V>TMi/> 
r = T r ^ T (3-36) 
and where the ESDOF mass M*, damping C* and stiffness K* are given by 
M* = ?/>TM1 (3.37) 
C* = ripTCip (3.38) 
K* = Ttl>TKiJ> (3.39) 
and the frequency of vibration of the ESDOF by 
M* v ' 
Using Eqs. (3.37), (3.39) and (3.36), Eq. (3.40) expands to 
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where AR denotes the Rayleigh quotient (Chopra 2001). 
It is to be mentioned that Eq. (3.35) can be written at yield as 
y r (3.42) 
where A* denote the yield displacement of the ESDOF system and An>y the yield displa-

































gM* — a 
(b) 
F IG . 3.16 Equivalent SDOF approximation : (a) MDOF system; (b) Equivalent SDOF 
system. 
It can be seen that when the assumed deformed shape tp coincides with a given mode 
shape <f>j of the multistorey building, F defines the corresponding modal participation 
factor and the product TM* the participating mass along this deformed shape. The 
ESDOF frequency to* is then equal to the frequency of vibration ujj at mode shape </>,-, 
since according to Eqs. (3.41), we have in this case 
UJ IJJA (3.43) 
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The yield strength V* and the yield strength coefficient C* of the ESDOF system are 
given by 




C* = y 
K* 
•A* gM* y 
On the other hand, the base shear strength Vy of the MDOF system can be expressed as 
(3.46) 
Vy = l
T K U y 
Denoting Mx = 1TM 1 the total mass of the MDOF system, the base shear strength 
coefficient at yield Cy of the multistorey building is given by 
C = F y y g M T 
1 I T K * A
 ( 3 4 7 ) 
~ 6 l T M l
A " ' y 
Using Eqs. (3.45) and (3.47), the ratio between the base shear strength coefficient at yield 
of the multistorey building and the yield strength coefficient of the ESDOF system can 
be expressed as 
Cy ( lTKi/Q ( ^ M l ) 
c; (v>TK^) ( I T M I ) {6-^ 
which simplifies to 
Cy 1 ( 0 j M l ) 2 
C; MT ( 0 j M ^ - ) 
(3.49) 
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when the assumed deformed shape i/> coincides with mode shape <f>j of the multistorey 
building. 
For practical design purposes, the assumed deformed shape if) is generally selected ba-
sed on physical insight without necessarily coinciding with a given mode shape of the 
structure. In this case, Eq. (3.49) can be extended to 
c; M T (*/>
TM</>) [ ' 
which can be further simplified to 
-TL — -^r~ = a (3.51) 
C* MT
 v ; 
considering Eqs. (3.36) and (3.37). The ratio a of the participating mass YM* to the total 
mass M T is called the participating or the effective mass factor. 
Using Eqs. (3.47) and (3.51), the base shear strength at yield of the multistorey building 
is obtained as 
Vy = agMTC* (3.52) 
Different types of assumed deformed shape vectors if) were proposed in the literature, in-
cluding triangular or quadratic shapes (SEAOC 1995 ; ATC 1996 ; SEAOC 1999 ; Asch-
heim and Black 2000). In the present work, two assumed deflected shapes are considered : 
- An assumed inverted triangular shape vector 
V>; = -r- i = 1.. .n (3.53) 
- An assumed quintic shape vector based on the displacement profile given by Eq. (3.27) 
A,-
*l>i = -rL i = l . . . n (3.54) 
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As can be seen, the shape vector if) is normalized to have a unit value at the building 
roof level. Replacing Eq. (3.53) or Eq. (3.54) into Eqs. (3.36) and (3.51), the participation 
factor r and the mass participation factor a can be obtained as 
n 
i=l _ 1 V i=l 
n ' a ~ MT
 n 
2 J fn-i /if 22, mi h 
i=l 
for the assumed triangular shape vector [Eq. (3.53)] and 
n / n 
^rriiAi ( ^ m ; A 
i=l . _ 1 V i=l 
n ' a~ MT
 n 
1 1 1=1 
2 
r = A n ^ ; * = ^ r ^ ' - (3-56) 
for the assumed quintic shape vector [Eq. (3.54)]. 
The procedure described previously assumes that the base shear strength of the MDOF 
system and the yield strength of the ESDOF are different. Another technique known 
as the substitute structure procedure was proposed by some researchers (Gulkan and 
Sozen 1974; Shibata and Sozen 1976). It is based on the following assumptions : 
- the base shears of the MDOF and the ESDOF systems are the same as illustrated in 
Fig. 3.17; 
- the ESDOF is characterized by an effective stiffness -K"eff defined as a secant stiffness 
at peak response Au = Aeff (Fig. 3.17c) ; 
- the work done by the lateral earthquake forces on both systems is the same. 
Assuming a nondimensional shape vector if) representing a target deformed configuration 







K = Veff 
(a) 
(c) 
FIG. 3.17 Substitute structure method. 
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into 
VeS = An 1
T K V (3.57) 
ye f fAe f f = A ^
T K ^ (3.58) 
which yields 
Aeff = An TW (3-59) 
or, using a modal shape approximation 
ipTMif> 




i = l 
y ^ m j A i 
The effective mass of the ESDOF system is given by 
Meff = - ^ - ( l
T M / 
y ^ m t A j 
i = i 
Aeff 
(3.61) 
Equating the overturning moments at the bases of the ESDOF system and the multistory 
building results in 
n 
y ^ m j A j / i i 
KB = i 4 (3-62) 
i = l 
where ft,eff is the height of the ESDOF system which coincides with the height of the 
resultant lateral seismic force. 
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The substitute structure is also characterized by an effective damping ratio £eff defined 
as the sum of an initial elastic damping £e in the nonlinear system, and a hysteretic 
damping £h due to energy dissipation during hysteretic loop response 
&ff = & + & (3-63) 
Assuming a 5 % initial elastic damping and a Takeda degrading stiffness hysteretic mo-
del (Takeda et al. 1970), Kowalsky et al. (1995) developed an expression to estimate 
effective damping £eff as a function of displacement ductility n 
Ceff = 0.05 + I f l - ^ - 0 . 0 5 ^ (3.64) 
3.3 Yield Point Spectra Method 
The Yield Point Spectra (YPS) method is based on stable yield displacement instead of 
the more sensitive period of vibration (Aschheim and Black 2000). It is also most likely to 
be adopted by the structural engineering community because of it produces a base shear 
that can be distributed according to current detailing practice. The method can be used 
for preliminary or detailed seismic design of new buildings, as well as for the evaluation 
or rehabilitation of existing structures. 
One important step in the YPS method is the construction of yield point spectra described 
in section 3.2.2. As mentioned previously, the Yield Point Spectra used in this work are 
smoothed ones derived from the Uniform Hazard Spectra (UHS) proposed in the new 
2005 edition of the NBCC (CCBFC 2005). The YPS method procedure is illustrated in 
the flowchart of Figure 3.18. On the one hand, when applied to a SDOF structure, the 
main steps of the method can be summarized as follows : 
Step 1 : Estimate the roof yield displacement An iy of the structure based on prelimi-
nary geometrical and material properties. It can be assumed that the roof 
yield displacement An>y is equal to the elastic roof displacement Anje given 
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by Eq. (3.22). The yield curvature <f>y can be estimated using Eq. (3.21); 
Step 2 : Fix a target roof displacement An satisfying a desired performance objective. 
This target displacement can be obtained from a displacement-controlled or a 
rotation-controlled performance objective as described in section 3.2.4. In the 
present work, the target roof displacement given by Eq. (3.28) is considered; 
Step 3 : Calculate the corresponding system displacement ductility demand /J, of the 
structure, defined as the ratio of the peak displacement Au to the yield dis-
placement Ay 
** = -£=- (3-65) 
Step 4 : Construct a Yield Point Spectrum corresponding to the displacement ductility 
demand fi, as described in section 3.2.2; 
Step 5 : Determine the required yield strength coefficient Cy using the constructed 
Yield Point Spectrum. 
Step 6 : Determine the required base shear strength Vy using the reported, from the 
previous step, yield strength coefficient and Eq. 3.9. 
The steps described above can be extended to MDOF systems, based on approximating 
their displacement response by the deformed shape of a SDOF system as described in 
section 3.2.5. This approximation yields appropriate results for buildings with a predo-
minant fundamental mode response. The participation factor T [Eq. (3.36)] and the mass 
participation factor a [Eq. (3.51)] are then used to relate an MDOF system to its equi-
valent SDOF system. A multistorey building can then be analyzed by applying the YPS 
procedure described above to its equivalent SDOF system. This procedure is illustrated 

























Determine roof yield 
displacement An>y 
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Determine target roof 
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demand (x.Aniy = An 
i ' 
Construct Yield Point Spectra 
(Cy vs. Ay) for corresponding 
ductility demand u. 
' ' 
Enter the yield point spectra 
with Ay to obtain the required 
yield strength coefficient Cy. 
' ' 
Determine the system base 
shear strength Vy = Cy.W 
FlG. 3.18 Flowchart of YPS method (Aschheim, 
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3.4 Direct Displacement-Based Design Method 
The Direct Displacement-Based Design (DDBD) approach (Kowalsky et al. 1995; Priest-
ley and Kowalsky 2000) is based on the substitute structure technique presented in sec-
tion 3.2.5. The method consists of modelling the nonlinear response of an inelastic system 
by using a substitute structure characterized by an effective stiffness Keff, an effective 
damping £eff and an effective period Teq as described below. The DDBD procedure is 
illustrated in the flowchart of Figure 3.19. The main steps of the method can be summa-
rized as follows : 
Step 1 : Assume a target displacement profile over structure height to satisfy code 
prescribed drift limits, or other damage control criteria to satisfy given per-
formance objectives. In this work, the target displacement profile Aj given 
by Eq. (3.27) is adopted. The yield curvature 4>y can be estimated according 
to Eq. (3.21). 
Step 2 : Determine the effective displacement Aeff, the effective mass Meg- and the 
effective height h&q of the substitute structure using Eqs. (3.60) to (3.62) 
Step 3 : Determine the yield displacement Aefft y at the height of the resultant lateral 
seismic force /ieff using Eq. (3.19) 
Aeff,y = ^ f ( / & - 1 0 W 4 +
 20^w) (3-66) 
Step 4 : Calculate the displacement ductility 
M = - J T ^ (3-67) 
Aeff,y 
Step 5 : Determine the effective damping ratio £eff of the substitute structure according 
to Eq. (3.64); 
Step 6 : Construct a 5 % damped inelastic displacement spectrum based on a 5 % dam-
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ped pseudo-acceleration spectrum using the relation 
Ai5%) = ^ A e (3.68) 
Step 7 : Determine the displacement spectrum for effective damping £eff using the re-
lation proposed in the Eurocode EC8 (Eurocode 1998) 
A(e-) = A ( 5 % y _ z _ (3.69) 
where Ae and A e a r e the spectral displacements at 5 % and £eff damping 
values, respectively. 
Step 8 : Calculate the effective period Teff, the effective stiffness Keff and the base 
shear Vn = Ves using (Priestley and Kowalsky 2000) 
Teff = T c ^ ^ (3.70) 
4vr2Meff 4vr
2Meff Ac
2 / 7 \ 
Ke* = " I S " = ~ ~ ^ ^ U + U J (3-?1) 
VeS = Keff Aeff = ^ # f - V ) (3.72) 
Tc
2 AeffV2 + W 
where Tc and Ac are, respectively, a corner period and the corresponding 
displacement on the inelastic displacement spectrum. A corner period Tc = 4 s 
corresponding to the maximum period of NBCC 2005 uniform hazard spectra 
is considered in this work. 
3.4.1 Comments 
- Direct Displacement-Based Design Method (DDBD), proposed by Priestley and Ko-
walsky (2000) is relatively fast procedure. 
- Design procedure starts with predetermined target interstorey drift. 








Determine target displacement 
profile using code prescribed 
drift limits. 
" 
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Determine the yield 
displacement Aeff,y, at the height 
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Estimate system effective 
dumping ^, using (X - £, 
relationship. 
' ' 
Construct 5% damped inelastic 
displacement spectra. 
^ ' 
Determine the displacement 
spectra for effective dumping 
4eff-
' ' 
Enter £eff damped DRS with Aeff 
and read the effective period 
Teff. Use Teff & Meff to obtain 
effective stiffness Keff. 
Calculate the required base shear 
Veff = Keff Aeff 
FIG. 3.19 Flowchart of DDBD method (Priestley and Kowalsky, 2000). 
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damping levels. For comparison purpose Figures 3.20 and 3.21 show development 
of displacement design response spectra (DDRS) with different damping values, for 
three specific soil profiles in Montreal and Vancouver. DDRS generation is based on 
the 5 % damped acceleration design response spectra (ADRS), required by NBCC-
2005 (CCBFC 2005) and is performed by a 'home-made' procedure using the program 
MATLAB. Three specific soil profiles are chosen for the DDRS development, such as : 
soil profile A, representative for rock and firm soils, C - for intermediate profiles (dense 
soil) and E - for poor soils or with potential liquifaction. 
4 8 12 
Period, [sec] 
(a) Soil Profile A 
16 20 4 8 12 16 
Period, [sec] 
(b) Soil Profile C 
4 8 12 16 
Period, [sec] 
(c) Soil Profile E 
F I G . 3.20 Displacement response spectrums generated for different damping values for 
soil profiles A, C and E in Montreal. 
4 8 12 
Period, [sec] 
(a) Soil Profile A (b) Soil Profile C (c) Soil Profile E 
F I G . 3.21 Displacement response spectrums generated for different damping values for 
soil profiles A, C and E in Vancouver. 
The substitute structure period is expected, in general, to be longer than the one of the 
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initially elastic structure (Teg- ~ y/JiTi), where Ti is the initial and elastic period. Thus, 
DDRS are supposed to be developped for longer periods than the expected ADRS. 
From other side, the DDBD method (Priestley and Kowalsky 2000) impose a limite 
for the period, because structural displacements, corresponding to longer periods, tend 
to decrease to the value of peak ground displacement (PGD). The european code of 
seismicity EC8 (Eurocode 1998) suggests a limit of 3 sec for the period, with the idea 
that longer values cause displacements absolutely independent of it. 
3.5 Inelast ic Des ign Spectra M e t h o d 
In this text, the Inelastic Design Spectra (IDS) method refers to the direct displacement-
based design procedure proposed by Chopra and Goel (1999; 2001) and it is illustrated 
in the flowchart of Figure3.22. The method is initially formulated for a SDOF system 
and its application is illustrated using an example representing a bridge pier (Chopra 
and Goel 2001). In the present work, the IDS method is generalized to MDOF systems 
using the substitute structure assumption. The main steps of the method can then be 
summarized as follows : 
Step 1 : The system yield displacement A y is initially estimated as the value, defined 
in the Direct Displacement-Based Design Method (Step 3) ; 
Step 2 : The acceptable hinge inelastic rotation at the base 6p is assumed, as listed in 
Table 3.5; 
Step 3 : Similarly to A y , the effective target displacement Aeff, the effective mass Meff 
and the effective height hes of the substitute structure are initially estima-
ted, defined in the Direct Displacement-Based Design Method (Step 2), using 
Eqs. (3.60). For the following steps in the iteration procedure Aeff is defined 
as per Chopra example (Chopra and Goel 2001) : Aeff = A y + /ieff6?p, where 
A y results from the last iteration s tep ; 
Step 4 : Calculate the displacement ductility 
M = x 1 (3-73) 
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Step 5 : Construct inelastic displacement design spectra for the calculated design duc-
tility n • 
Step 6 : Enter the inelastic displacement spectra with Aeff to read the corresponding 
period T\ for the first iteration ductility; 
Step 7 : Compute the initial elastic stiffness k using 
47T2 
k = ^ M e f f ; (3.74) 
Step 8 : Determine the required yield strength using 
/y = /req = kAy; (3.75) 
Step 9 : The required flexural strenght Mreq, based on the required yield strength is 
calculated : M req = /req/ieff- Structural system members are then designed to 
provide design flexural strength Mu, bigger or at least equal to the required 
flexural strength M r e q ; 
Step 10 : The initial elastic stiffness is then redefined - k&es = 3—-^—, where the effective 
system property is defined as - -E/eff — -Wu/^y 
f 
Step 11 : The corresponding yield displacement is then recalculated : AyjCjes = —^— for 
"̂ des 
the so-designed structural system ; 
Step 12 : The estimated yield displacement Ay from Step 1 is compared to the obtained 
yield displacement Ayides [Step 11]; 
Step 13 : Steps 1 to 11 are repeated until a desired yield displacement difference is 
obtained. 
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F I G . 3.22 Flowchart of IDS method (Chopra and Goel, 2001). 
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3.5.1 C o m m e n t s 
For Chopra DBD method performance, some assumptions were implemented in the pro-
cedure input data. 
- The DBD method using inelastic design spectra, proposed by Chopra and Goel (2001) 
starts with determination of the system target displacement and corresponding design 
ductility. For the purpose of the present study, the yield displacement Aj,, which is used 
was based on a Priestley and Kowalsky research [Priestley et al. 1996] and is described 
in more details in the presented herein DDBD procedure . 
- The target displacement Au is assumed to be the more conservative value from the one, 
calculated upon the interstorey drift limit, restricted by the NBCC 2005 [CCBFC 2005] 
and as second, restricted by the plastic rotation at hinge base. A more detailed expla-
nation of Au is included in the afore-mentioned DDBD procedure. 
- No recommendations were made in the Displacement-based design method proposed 
by Chopra for the base shear distribution throughout structure members. Therefore, 
for the present research study, the vertical distribution of the shear force with respect 
to weight and height, implemented in the Equivalent Static Force Procedure, required 
by NBCC 2005, was assumed. 
- For calculating the effective elastic stiffness fcdes, Chopra and Goel refer in a procedure 
example [Chopra and Goel 2001] to an idealized single degree of freedom (SDF) system 
with a stiffness, shown in Eq. (3.76) : 
fcdes = , 3
6 ; (3-76) 
where, E is the elastic modulus of concrete and for 7efj, MacGregor's formula for mem-
ber subjected to lateral load and included in the American Concrete Institute design 
provisions ACI 318-95, was chosen. As per Canadian concrete norm CSA A23.3-04, 
Clause 21.2.5.2.1, 7eff for shear walls is shown in Eq. (3.77), where Jg is the gross wall 
section property : 
Iez = Ig[0.6 + ^ - j ) (3.77) 
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CHAPTER 4 
DESIGN ACCORDING TO CANADIAN CODE STANDARDS 
4.1 Introduction 
This chapter describes the structures studied in this work as well as their design and 
detailing according to the Canadian code standards : NBCC 2005 (CCBFC 2005) and 
CSA 23.3-04 (Canadian Standard Association 2004). The main objective of that chapter 
is to research the seismic performance of a ductile concrete shear wall system, used as a 
Seismic Force Resisting System in a loading direction for three multistory buildings (6-, 12 
and 18-storeys), designed according to the NBCC 2005 and CSA A23.3-04 requirements. 
4.2 Buildings Description 
Three reinforced concrete frame-shear wall office buildings with the same floor plan shown 
in Figure 4.1 are considered in the present study. The three buildings have different heights 
of 21m, 42 m and 63 m corresponding to 6, 12 and 18 storeys, respectively, as illustrated 
in Figure 4.1b. The overall dimensions of the buildings are inspired from examples in 
previous publications [Mitchell and Paultre 1994; CPCA 1995]. For easier reference, the 
6-, 12- and 18-storey buildings are denoted B6, B12, and B18. 
The building foundations are not subject to design in the present study. It is assumed that 
all lateral load supporting systems have an adequate foundation, capable of transmitting 
the earthquake induced forces into the ground. 
The typical floor plan of the three buildings consists of two 9 m office bays and a central 
6 m corridor bay in the longitudinal N-S direction. Resistance to lateral forces in this 
direction is provided by four concrete frames located following the three bays. In the 
transversal E-W direction, the lateral force resisting system is made of eight concrete 
frames and two shear walls. The typical floor area is AR00I = 24.5 x 42.5 = 1041.25m
2. 
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The structures are symmetrical in both directions, and it is assumed for simplicity that 
all storeys have the same floor-to-floor height of 3.5 m. A concrete compressive strength 
f'c = 30 MPa, and a steel yield strength fy = 400 MPa are considered. Calculations are 
conducted assuming that the three buildings are located at the cities of Montreal, Quebec, 
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FlG. 4.1 Buildings studied : (a) Typical floor plan; (b) Elevations. 
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FIG. 4.2 3D view of the 6-storey building. 
The one-way slab floor system consists of a 110 mm thick slab spanning in the transverse 
direction, supported by beams in the longitudinal direction. Primary beams are part of the 
four moment resisting frames spanning along grid lines A, B, C and D in the longitudinal 
direction. All other beams in both directions are designated as secondary. The dimensions 
of primary and secondary beams, as well as of exterior and interior columns for each of 
the three buildings are listed in Table 4.1. 
Wind effects are not included in the present study. As required by NBCC 2005 and 
specified in previous chapter of that project, the buildings are designed for load combi-
nations including principal loads " 1 . 0 D + 1.0 En, and principal and companion loads1 
" 1.0 D + 1.0 E + 0.5 L + 0.25 S"'. The next two sections describe the gravity and seismic 
loads considered to design the three buildings. 
The building is not intended for a storage occupancy, equipment area or service room 
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4.3 Gravity Loads 
The dead and live loads acting on the three buildings are determined according to 
NBCC 2005 requirements for a building with office occupancy. A typical office floor loa-
ty 
ding of 2.4kN/m is applied all over the floor areas except at the 6m-wide corridor 
bay where an assembly floor loading of 4.8 kN/m is considered. Additional dead loads 
of 0.5 kN/m and 0.5 kN/m are applied at all floor levels to represent partition and 
mechanical equipment loadings, respectively. A dead load of 1.0 kN/m is added to the 
self-weight of the roof slab to account for architectural roof specifications, such as insula-
tion, hydro-membrane, gravel and possible mechanical outlets. The roof snow loading S 
is determined using the formula given in Article 4.1.6.2 of NBCC 2005 
S = Is[Ss(ChCwCsC&) + ST] (4.1) 
where 
- Is is the importance factor for snow load [Table 4.1.6.2]
2 ; 
- Ss is the l-in-50 year ground snow load in kPa [Appendix C, Table C-2]
2 ; 
Reference to NBCC 2005 [CCBFC 2005] 
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- Cb is the basic roof load factor [Art. 4.1.6.2 (2)]2 ; 
- Cw is the wind exposure factor [Art. 4.1.6.2 (2)-(3)]
2 ; 
- C8 is the slope factor [Art. 4.1.6.2 (5)-(7)]
2 ; 
- Ca is the shape factor [Art. 4.1.6.2 (8)]
2 ; 
- ,Sr is the l-in-50 year associated rain load in kPa [Appendix C, Table C-2]
2. ST must 
be less than S^CbCwCgCa) 
The following coefficients are considered for the buildings studied 
ŝ = 1; Cb = 0.8; Cw = 1; Cs = 1; Ca = 1 
According to Table C-2 of Appendix C, the following l-in-50 year ground snow load and 
associated rain load are adopted 
Montreal : 5 s = 2.6kPa; S'r = 0.4kPa 
Vancouver: S ^ l . S k P a ; Sr = 0.2kPa 
which yields the snow loads 
Montreal : S = 1 x [2.6 x (0.8 x 1 x 1 x 1) + 0.4] = 2.48 kN/m2 
Vancouver : S = 1 x [1.8 x (0.8 x 1 x 1 x 1) + 0.2] = 1.64 kN/m2 
Table 4.2 summarizes the dead and live loads acting on the buildings. 
The axial load transmitted through each shear wall is calculated as suggested in Table 
4.1.3.2 of the NBCC 2005, considering a combination of " 100% dead load + 50% live 
load" for all floor levels and a combination of " 100% dead load + 25% snow load" at 
the roof level. According to Art. 1.1.5.9 of the NBCC 2005, live loads excluding snow 
loading are reduced as a function of the structural element tributary area A. In this case, 
a reduction factor of 0.3 + y/9&/A is applied to tributary areas A greater that 20m2. 
Tables 4.3 to 4.8 present the variation with height of axial load carried by each shear wall, 
TAB. 4.2 Dead and live loads considered. 
Loading Load 
location and type (kN/m ) Description 
Roof : Live 2.48 Pull snow load for Montreal 
1.64 Full snow load for Vancouver 
Dead 1.0 Roofing and mechanical 
service loading 
Floor : Live 2.4 Typical office floor loading 
on two 9 m-wide bays 
Live 4.8 Typical assembly floor loading 
on 6 m-wide corridor bay 
Dead — Reinforced concrete structural 
members, calculated at 23.5 kN/m 
Dead 0.5 Typical partition loading on all floors 
Dead 0.5 Typical mechanical service loading 
on all floors 
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as well as the corresponding total axial load at the center of mass of each of the three 
buildings studied. Details of load calculations are given in Appendix I. 
T A B . 4.3 Axial loading transmitted by a shear wall in B6 building. 
Montreal Vancouver 









































4.4 Seismic Loads 
4.4.1 Basic Assumptions and Parameters 
The present study focuses on the seismic response of the considered buildings in the 
N-S direction (Figure 4.1). Although the lateral resistance in this direction is provided 
by the combined action of moment frames and cantilever shear walls, it is assumed for 
simplicity that the N-S horizontal seismic loads are resisted only by the two shear walls, 
where half of the total seismic load in the considered direction is transmitted to each wall. 
Columns and beams are assumed to resist only gravity loads. A site class C (Firm soil) 
is considered. According to Table 4.1.8.9 of the NBCC 2005, ductility and over-strength 
factors for a ductile shear wall are taken as R4 = 3.5 and R0 = 1.6. An importance factor 
7E = 1 is considered for a building with a normal importance as per Table 4.1.8.5 of the 
NBCC 2005. Denoting hw the total height (in meters) above the base of each building, 
the fundamental lateral period Ta of the structure is determined as per Article 4.1.8.11 
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TAB. 4.4 Total axial load acting at the center of mass of the B6 building. 
Montreal Vancouver 
Dead load Snow load Cumulated load 
PDL ^SL PDL + 0.25PSL 
Level (kN) (kN) (kN) 
Snow load Cumulated load 


























of the NBCC 2005 and equation (2.4), yielding periods of 0.49 s, 0.82 s and 1.12 s for the 
B6, B12 and B18 buildings, respectively. 
According to Article 4.1.8.11.d of the NBCC 2005, other established methods of structural 
mechanics can be used to determine the fundamental period, provided that the result is 
less than twice the vibration period calculated using Eq. (2.4). 
In the present work, the three buildings are modeled using the commercial software for 
structural analysis ETABS (Computers and Structures Inc, 2004). A three-dimensional 
model of the buildings was used. A 3-D view of the 6-storey building is shown in Figure 4.2. 
The seismic mass of each floor level as assigned as a lumped mass at the center of mass 
of each storey. All the floor slabs were modelled as rigid diaphragms. 
To account for cracking of structural members under seismic excitation, effective member 
properties obtained by reducing the initial gross section properties are used as described 
in Clause 21.2.5.2 of the CSA-A23.3-04. According to Table 21.1 of CSA-A23.3-04, the 
effective moments of inertia of the structural slabs and beams are the gross properties 
multiplied by reduction coefficients of 0.2 and 0.4, respectively. The effective member 
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TAB. 4.5 Axial loading transmitted by a shear wall in the B12 building. 
Montreal Vancouver 





















































































TAB. 4.6 Total axial load acting at the center of mass of the B12 building. 
Montreal Vancouver 



















































































TAB. 4.7 Axial loading transmitted by a shear wall in the B18 building. 
Montreal Vancouver 

























































































































TAB. 4.8 Total axial load acting at the center of mass of the B18 building. 
Montreal Vancouver 























































































































properties for column and wall members depend on the level of axial compression acting 
at each floor level. Tables 4.9 to 4.11 present the variation of the reduction coefficients 
for columns and walls along building height. The notations Pw, -Pic and PEC designate 
the axial loading transferred through a shear wall (SW), an internal column(IC) and an 
external column (EC), respectively. Detailed calculations are shown for a single shear wall 
in Appendix I. The reduction coefficients are obtained according to Clause 21.2.5.2.2 of 
the CSA-A23.3-04 
a c = 0.5 + 0 . 6 - ^ - (4.2) 
% = 0.6 + —^- (4.3) 
*> C § 
where Ps is the axial load Pw, -Pic ov PEC at the base of the wall, f'c the concrete 
compressive strength and Ag the corresponding member gross area. 
TAB. 4.9 Effective Member Reduction Coefficients for the B6 building. 
Montreal Vancouver Reduction 
















































































Tables 4.9, 4.10 and 4.11 clearly show that the snow loading difference in Montreal 
and Vancouver sites reflects negligibly the total tributary loading to both shear walls and 
columns (interior and exterior) in a way, that the corresponding reduction coefficients 
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for calculating members effective properties are equal for both cities. An estimation of 
reduction coefficients average values for corresponding members and structure models is 
generalized in Table 4.12. 


















However, structural members modeling for all buildings and for both cites, performed 
throughout the ETABS software, was based on the specific reduction coefficients corres-
ponding to each structural member (shear wall, interior and exterior column). The shear 
walls modelling was based on the differentiated coefficients by floors, as listed in Tables 4.9 
to 4.11. The columns modelling as based on the average coefficients, listed in Table 4.12. 
The modal analysis of each of the three buildings resulted in the following fundamental 
mode periods 1.71s, 3.12 s and 5.19 s for the B6, B12 and B18 buildings, respectively. For 
the three buildings, modal analyses lead to periods greater than twice that determined 
using Eq. (2.4). Consequently, seismic lateral load calculations, according the ESFP are 
conducted using fundamental periods twice the period prescribed by the code (Eq. 2.4 
of that project), yielding 0.98s, 1.64s and 2.24s for the B6, B12 and B18 buildings, 
respectively, shown in Figure 4.3. 
4.4.2 Design Spectral Accelerations 
As mentioned above, the three buildings are designed for Montreal and Vancouver sites. 
The NBCC 2005 prescribed Seismic Hazard Level is defined by a 2% probability of ex-
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F I G . 4.3 Design spectral response acceleration values for B6, B12 and B18 buildings in 
Montreal and Vancouver. 
The corresponding median (50 t h percentile) 5% damped spectral response accelerations 
expressed as a ratio to gravitational acceleration g are listed in Table 4.13 for the cities 
of Montreal and Vancouver, respectively [CCBFC 2005]. The values are given for the 
reference firm soil ground conditions of site Class C, and at periods of 0.2, 0.5, 1.0 and 
2.0 seconds. 
According to Article 4.1.8.4.4 of the NBCC 2005, the acceleration and velocity based 
site coefficients Fa and Fv are obtained from Tables 4.1.8.4.B and 4.1.8.4.C using linear 
interpolation for intermediate values of >Sa(0.2) and 5a(1.0), yielding F-A = 1.0 and Fv — 
1.0. The design spectral accelerations S(T) are determined using linear interpolation for 
intermediate values of period T as specified in Article 4.1.8.4.6 of the NBCC 2005. These 
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calculations are presented next for Montreal : 
For T ^ 0.2s : S(T) = F&Sa(0.2) = 1.0 x 0.69g = 0.69g 
T = 0.5s : S{T) = min[Fv5a(0.5);Fa5a(0.2)] = 1.0 x 0.34g = 0.34g 
T = 1.0s: 5(T) = Fv5a(1.0) = 1.0x0.14g = 0.14g 
T = 2.0 s : S(T) = Fv5a(2.0) = 1.0 x 0.048 g = 0.048 g 
T > 4 . 0 s : S(T) = ^FvSa(2.0) = ]- x 1.0 x 0.048g = 0.024g 
TAB. 4.13 Median spectral response accelerations 





















4.4.3 Seismic Lateral Load Calculations 
For convenient reference, seismic lateral load calculations are illustrated here for the B6 
building located at Montreal and subjected to a seismic hazard corresponding to 2% pro-
bability of exceedance in 50 years. To obtain the seismic design forces, a Dynamic Analysis 
Procedure is recommended in the NBCC 2005 [Art. 4.1.8.12] and used for design in that 
project. The Equivalent Static Force Procedure [Art. 4.1.8.11], known from former code 
edition may be used only for structures that meet some specific conditions, described in 
the previous chapter of the present work. For the buildings studied herein, the orthogonal 
directions coincide with the N-S and E-W directions. 
The structures B6 and B12 studied herein satisfy the second condition and the equivalent 
static force procedure (ESFP) could be applied. For the B18, as adopted in that project, 
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the ESFP is not permitted by the NBCC 2005 for both height and fundamental period 
do not correspond to the conditions, previously specified. For illustrational purpose, the 
step by step procedure is described here for the B6 building in Montreal : 
Step 1 : The fundamental period used for seismic load calculations for the B6 building 
is Ta = 0.98s [Section 4.4.1]. 
Step 2 : The spectral acceleration S(Ta) is determined using line interpolation bet-
ween 5(0.5) = 0.34 g and 5(1.0) = 0.14 g for Ta = 0.98 s 
S(T&) = °™~™ [^(0.5) - 5(1.0)] + 5(1.0) = 0.148g 
Step 3 : The importance, ductility and over strength factors for a ductile shear wall 
are taken as / E — 1, Rd = 3.5 and R0 — 1.6 [Section 4.4.1]. 
Step 4 : The higher mode factor Mv = 1.0 is determined from Table 4.1.8.11 for fun-
damental period Ta = 0.98 s ^ 1.0 s and ratio 
5a(0.2) 0.69 
Step 5 : The base shear is given by [Art. 4.1.8.11] 
5 ( T , ) M A 0 . H 8 . U X 1 . . 
RdR0 3.5 x 1.6 
The base shear shall not be less than Vmin 
5(2.0)MVJE w 0.048 x 1.0 x 1.0 n m f i _ H / 
Klin = „ n W = — — = 0.0086 W 
RdR0 3.5 x 1.6 
and since i?d = 1.6 ^ 1.5, V shall not be greater that Kmax 
V m • 1 g ^ E W • » » »*> » '•» *™w_ 0.082! W 
6 RdRo 3 x 3.5 x 1.6 
Considering the seismic load of the B6 building W = 39626 kN, the design 
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base shear is 
V = 0.0264 W = 0.0264 x 39837 = 1050 kN 
Step 6 : The base shear force is vertically distributed over the height of the building. 
The force concentrated at the roof level is 
Ft = 0.07 Ta V = 0.07 x 0.98 x 1050 = 72 kN 
which is less than 
î i.max = 0.25 V = 0.25 x 1050 = 263 kN 
The remainder of the lateral force, V — Ft is distributed along the building 
height, including the top level, as given by the formula in Art. 4.1.8.11 6 
/ \ 
Wxhx 
FX={V- Ft 6 
Tables 4.14 to 4.16 summarize the lateral load and shear force calculations for the B6, 
B12 and B18 buildings located in Montreal, calculated through Equivalent Static Force 
Procedure without taking into account the accidental torsion effect. 
Following tables 4.17 to 4.19 summarize the lateral load and shear force calculations for 
the B6, B12 and B18 buildings located in Vancouver, calculated through Equivalent Static 
Force Procedure without taking into account the accidental torsion effect. 
4.5 Spectral Analysis Results 
Table 4.21 summarize the design values for the lateral earthquake force at the base of each 
model shear wall, denoted as Vf. As shown in section 2.2, the dynamic lateral earthquake 
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TAB. 4.16 Lateral load calculations for the B18 building, located 
in Montreal. 

































































































































































































































TAB. 4.19 Lateral load calculations for the B18 building, located 
in Vancouver. 






































































































force, Vd is calculated through multiplying the elastic shear force at the base Ve by the 
/ JE \ 
ratio I I. Although all models structure is determined as regular, as demonstrated 
V-Rd-Ro/ 
in Annex II for B calculated by Eq. 2.8, the design base shear Vf is the greater value of 
100%V and V&. Both values of V and Vd were obtained using the 3-D modelized buildings 
in ETABS, as previously noted in the present chapter. Both models were performed 
including the accidental torsional effects, according to Eq. 2.7. The lateral forces used for 
the static loading pattern is calculated according Eq. 2.5 for the minimum lateral force 
V, Eq. 2.1. Forces Fx are tabulated by floors for each model in Tables 4.14 to 4.19. 
TAB. 4.20 Shear strengths at the base of buildings in B6, B12 and B18models, 
located in Montreal and Vancouver. 
Montreal Vancouver 
Site coefficients Fa or Fv 
Fundamental period Ta (s) 
Spectral accel. S(Ta) (g) 
Product S{Ta)Mv 
Importance factor Ig 
Force modification factor R^ 
Force modification factor R0 
Seismic building weight W (kN) 























































Ace. torsion not included 1050 1806 2405 2491 3672 4592 
Tables 4.22 to 4.24 summarize walls design shear (Vf), moment (Mf) and displacement 
(Ades) values for the B6, B12 and B18 buildings located in Montreal and Vancouver, 
resulting from Spectral Analysis (included accidental torsion effect). The displacement 
values, noted in that tables as Ades> represent the total lateral deflection of the walls at 
the building roof : Ades = Afi?d-R0-
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TAB. 4.21 Flexural and shear strengths at the base of one shear wall under design 
loads in B6, B12 and B18models, located in Montreal and Vancouver. 
Static base shear V (kN) 
Ace. torsion included 


















Design base shear Vf (kN) 
Design base overturning 
moment Mf (kNm) 
791 1069 1427 
7556 9193 14369 
1581 2336 2718 
13460 22981 34185 
TAB. 4.22 Spectral analysis results for one shear wall in 



























































T A B . 4.23 Spectral analysis results for one shear wall in 





































































































TAB. 4.24 Spectral analysis results for one shear wall in 
















































































































































Graphical representation for the shear, moment and displacement values, listed in Tables 4.22 
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Shear V,[kN] 
(a) Shear Diagram 
2000 
~l r-
4000 8000 12000 16000 
Moment Mf [kNm] 
(b) Moment Diagram 
F I G . 4.4 Spectral analysis results for the B6 building in Montreal and Vancouver 
4.6 Shear Wall Dimensioning 
4.6.1 Dimensioning for CSA 23.3-04 Requirements 
The shear walls for all models B6, B12 and B18 in both cities are detailed according to 
the special seismic provisions of CSA A23.3-04 for ductile shear walls. Following are the 
basic dimensioning characteristics for all models shear walls : 
1. The plastic hinge zone lenght is assumed as denoted in Clause 21.6.2.2, Item a) : 
1.5 x £w = 1.5 x 6.6 = 9.9 m, where £w is the lenght of the shear wall. Therefore the 
first three storeys are dimensioned as a plastic hinge zone. 
2. The flexural reinforcement is composed of concentrated vertical bars (CVB) in the 
shear wall ends (columns) and of two curtains of uniformly distributed vertical bars 





















































(a) Shear Diagram 
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J 1 • 
1000 
Shear 
- * - Montreal 


























Moment Mf [kNm] 
45000 
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Displacement Ades [m] 
(c) B18 building 
1.2 
FlG. 4.7 Displacement results from spectral analysis for shear wall in B6, B12 and B18 
in Montreal and Vancouver 
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3. The minimum CVB area is assumed as the greater of : 
- O.Ol̂ lg = 0.01 x 600 x 600 = 3600 mm2 Because a detailed analysis for the lateral 
force resisting system will not be performed in the other direction (N-S) of the 
building, columns are accounted as members of four ductile moment-resisting 
frames (.Rd = 4). According to Clause 21.4.3.1, CSA A23.3-04, the mimimum 
reinforcement ratio for the longitudinal bars in that members is O.Ol^lg, where 
Ag is the gross area of the section. 
- 0.00154,bw = 0.0015x6600x300 = 2970 mm
2 - the minimum area of concentrated 
reinforcement in ductile shear walls, according to Clause 21.6.6.4 in areas of plastic 
hinge zone. 
- 0.001^wfcw = 0.001 x 6600 x 300 = 1980 mm
2 - the minimum area of concentrated 
reinforcement in ductile shear walls, according to Clause 21.6.6.3 for areas outside 
the plastic hinge zone. 
Therefore a minimum area of 3600 mm2 has to be provided at all concentrated 
reinforcement locations in all models, which is satisfied with 8M25 (As = 8 x 500 = 
4000 mm2). 
4. The vertical (flexural) reinforcement is based on the factored moment resistance of 
the cantilever shear wall matching or exceeding the factored moment demand after 
the formation of the plastic hinge. 
5. The shear reinforcement is composed of two curtains of uniformly distributed hori-
zontal bars (DHB). That reinforcement in the plastic hinge zone is governed by the 
shear strength to develop the probable flexural capacity. 
6. The horizontal (shear) reinforcement in the plastic hinge region is based on the shear 
strength required to develop the probable flexural capacity, Vp = 7pVf =
 PJ" Vf. 
Outside the plastic zone, it is based on the shear strength required to develop the 
factored one. 
Moment and shear design values are determined at each level of the shear walls according 
the requirements of the norm CSA A23.3-04, Clauses 21.6.2.2 and 21.6.9.1 for a ductile 
shear wall. Dimensioning in details is given in Table 4.25 for the 6-storey building in 
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Montreal. The shear and moment values, used for dimensioning the wall, result from the 
Spectral Dynamic Analysis, listed in Table 4.22 and the axial loading transmitted by 
that shear wall is listed in Table 4.3. Following the Code requirements, a reinforcement 
layout is specified, as shown in Table 4.25. After that a sectional analysis for the concrete 
section with the predetermined reinforcement layout is performed throughout the program 
RESPONSE 2000 [Bentz and Collins 2000]. The resulting nominal - Mn, factored - Mr 
and probable - Mpw flexural resistances are listed in the same table. 
Based on the shear and moment values, resulting from the Spectral Dynamic Analysis and 
listed in Tables 4.22 to 4.24, as well as the axial loading transmitted by each shear wall, 
listed in Tables 4.3, 4.5 and 4.7, shear walls for the three models have been dimensioned 
using aforementioned new NBCC-2005 and CSA A23.3-04 requirements. Resulting flexu-
ral and shear strenghts at the shear walls base are shown in 4.27. Reinforcement detailing 
for all models in both cities is presented by the reinforcement layouts in Figures 4.8 to 
4.13. 
TAB. 4.25 Dimensioning of one shear wall in B6 building, located in Montreal. 
Lev. Vf M{ Shear wall reinforcement Mn Mr -Wpw 
CVB in Distributed f'z = l f'c = 0.65 fz = 1 


























































TAB. 4.26 Dimensioning of one shear wall in B6 building, 
located in Montreal (Continue). 
Level 7 j w 7P Mdes Vdes 






































4.6.2 Shear Walls Ductilities 
As denoted in Chapter 2, CSA A23.3-04 demands as part of the special seismic provisions 
for ductile shear walls (R^ = 3.5) that the inelastic rotational capacity of the wall, 81C, 
shall be greater than inelastic rotational demand, 6^, in order to ensure the wall ductility 
in the hinge region. 
The inelastic rotational demand #;d and the inelastic rotational capacity 9\c are calculated 
by Eq. (2.9) and Eq. (2.10) respectively. The calculated inelastic rotational demands and 
capacities for the three models B6, B12 and B18 for both cities are listed in Table 4.28. 
It could be noted from the same table, that the inelastic rotational demands (values in 
brackets) for models B6 and B12 in Montreal are far below the minimum required by 
CSA A23.3-0, Clause 21.6.7.2 : 6id > 0.004. Therefore a rotational demand 0id = 0.004 
was assigned for the those shear walls. The reason for that is mainly the great flexural 
overstrength of the shear walls, based on the minimum reinforcement requirements in 
CSA A23.3-04 for the lateral resisting force systems in both directions. 
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TAB. 4.27 Flexural and shear strengths at the base of one shear wall under design loads 
in B6, B12 and B18models, located in Montreal and Vancouver. 
Parameter Montreal Vancouver 
B6 B12 B18 B6 B12 B18 
Design base overturning 
moment, Mf (kNm) 
Factored moment resistance, 
MT (kNm) 
Nominal moment resistance, 
Mn (kNm) 
Probable moment resistance, 
Mpw (kNm) 
Wall overstrength factor 
at nominal flexural capacity, 
~ 3 
;w 
Wall overstrength factor, 
at probable flexural capacity, 
7 P
4 
7556 9193 14369 13460 22981 34185 
21266 28696 35151 21233 32567 54485 
28849 35355 41521 28856 40142 66335 
33393 39310 45249 33371 45029 75710 
3.82 3.85 2.1 2.14 1.75 1.94 
4.42 4.28 3.15 2.48 1.96 2.21 
Design base shear, 
Vi (kN) 
Design base probable 
shear, VT (kN) 
791 1069 1427 1581 2336 2718 
3494 4571 4495 3920 4577 6021 
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TAB. 4.28 Inelastic 
B18models, located 
Parameter 
rotational demands and capacities 










Elastic deflection at 
roof level, Af (mm) 
Yield deflection at 
roof level, Ay (mm) 
Ay = 7wAf 
Total deflection at roof 
level, AfR^Ro (mm) 
Inelastic rotational 
demand, 0\A (rad) 
did > 0.004 (rad) 
Inelastic rotational 








0.004 0.004 0.0072 
(0.0009) (0.0015) 
0.0186 0.0105 0.0081 
20 112 224 
43 195 434 
116 625 1252 
0.004 0.0103 0.0137 
(0.0039) 
0.0186 0.0112 0.0138 
Figures 4.8 to 4.13 visualize resulting shear walls detailing for both cities. 
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reinforcement in B12 building located in Montreal. 
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F l G . 4.13 Shea r wall re inforcement in B18 bu i ld ing loca t ed in Vancouver . 
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CHAPTER 5 
DISPLACEMENT-BASED ASSESSMENT OF THE SEISMIC 
PERFORMANCE 
5.1 Introduction 
In this chapter, the assessment of the seismic performance of the three cantilever shear wall 
building designed in Chapter 4 is presented using the three displacement-based approaches 
described in Chapter 2, i.e. : (i) The Yield Point Spectra (YPS) method (Aschheim 
and Black 2000) ; (ii) the Direct Displacement-Based Design (DDBD) method (Priestley 
and Kowalsky 2000); and (iii) the Inelastic Design Spectra (IDS) method (Chopra and 
Goel 2001). 
5.2 Yield Point Spectra Method 
The procedure described in section 3.3 is applied here to the three cantilever shear wall 
buildings. The different calculation steps are illustrated in detail for the B6 building. 
Step 1 : The yield curvature of the three cantilever shear walls can be estimated ac-
cording to Eq. (3.21) 
2ey 2 x 0.002 4 _x 
0 y = ^ f = — ^ - = 6.061x10 m 
It is assumed that the yield displacement Aniy is equal to the elastic dis-
placement An]e. The latter is given by Eq. (3.22) under the assumption of a 
triangular distributed seismic load. Thus, the yield displacement at the roof 
of the B6 building is given by 
11 , 2 11 x 6.061 x 10"
4 x 2 1 2 
4 0 ^ = 40-
An,y = ^yhl  • = 0.074m (5.1) 
Step 2 : The target roof displacement An is determined using Eq. (3.28) for perfor-
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mance objectives corresponding to drift-controlled or rotation-controlled li-
mits described in Table 3.5. The resulting roof target displacements for the 
B6 building are presented in Table 5.1. Values in bold are the minimum target 
performance objectives to be satisfied. 
Step 3 : The target displacement ductility y, for each seismic hazard level is obtained 
by dividing the minimum target drift by the yield displacement determined in 
the previous step. The target displacement ductilities for the B6 building are 
also shown in Table 5.1. 
TAB. 5.1 Performance objectives in terms of drift limits for the B6 building. 
Seismic hazard level 
Drift-controlled An (m) 
Rotation-controlled An (m) 

















Step 4 : Construct a Yield Point Spectra corresponding to the target displacement 
ductility fi[Step 3]. 
To find the yield displacement of the ESDOF system representing the B6 buil-
ding, the participation factor T is first determined according to Eq. (3.55) 
6 
T = hw ~ = 1.367 (5.2) 
The ESDOF yield displacement is then given by Eq. (3.42) 
.„, A n v 0.074 nnrA 
A ; = - r = r367 = a 0 5 4 m 
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Step 5 : The ESDOF yield displacement is entered into the Yield Point Spectrum 
constructed for the target displacement ductility ^ [Step 3] and the correspon-
ding seismic hazard level. This is illustrated in Figure 5 for the B6 building 
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FlG. 5.1 Use of Yield Point Spectrum to obtain the ESDOF yield 
strength coefficient corresponding to a target displacement ducti-
lity for the B6 building located in Montreal under SHL-2500 seis-
mic hazard. 
It is to be mentioned that the Yield Point Spectra used here are smoothed ones 
derived from the NBCC 2005 response spectrum (see section 3.2.2). The requi-
red yield strength coefficient C* = 0.00781 is obtained by graphical construc-
tion as shown in Figure 5. To obtain the base shear strength coefficient Cy at 
yield of the B6 building, the mass participation factor a is first determined 






XI mi hi 
i = l 
109 
The base shear strength coefficient at yield of the B6 building is then given 
by Eq. (3.51) 
Cy = aC* = 0.809 x 0.00781 = 0.00632 (5.4) 
Step 6 : The required base shear strength Vy is then calculated using the reported, 
from the previous step, yield strength coefficient Cy and Eq. (3.47) 
Vy = g M T Cy = 9.81 x 4060.9 x 0.00632 = 252 kN (5.5) 
Steps 1 to 5 are repeated to find the required base shears for the buildings studied consi-
dering the different seismic hazard levels described previously. Figures 5.2 to 5.7 illustrate 
the Yield Point Spectra used and the reading of the shear strength coefficients C*. The 
results are summarized in Table 5.2 for the two locations of Vancouver and Montreal. 
TAB. 5.2 Base shear calculations using the Yield Point Spectra method for the 
three buildings submitted to three seismic hazard levels. 
Montreal Vancouver 
Vy Vy 










B6 0.00781 0.00632 252 0.05200 0.04200 1666 
B12 0.01150 0.00895 713 0.04089 0.03183 2523 
B18 0.01408 0.01083 1292 0.05003 0.03848 4581 
0.00156 62 0.02070 0.01674 663 
0.00171 136 0.01700 0.01324 1049 
0.00169 202 0.01700 0.01307 1557 
0.00318 127 0.03900 0.03154 1249 
0.00405 322 0.02904 0.02261 1792 
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FlG. 5.2 Yield Point Spectra for the B6 building in Montreal for different 
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FlG. 5.3 Yield Point Spectra for the B12 building in Montreal for different 
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FIG. 5.4 Yield Point Spectra for the B18 building in Montreal for different 















= = = ^ \ 
^ \ \ ^ \ 
\ \ ^ \ ^ 
^ 
Ay*=5.4cm 





— » - n=2 
—*- n=3 
—— n=4 
, * * * * * -
T - i - m 1 i i , -
0.01 o.i i V io 







0.01 0.1 1 Ay* 10 









0.01 0.1 1 Ay* 10 
Displacement Ay*, [cm] 
FIG. 5.5 Yield Point Spectra for the B6 building in Vancouver for different 
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F lG . 5.6 Yield Po in t S p e c t r a for t h e B12 bu i ld ing in Vancouver for different 
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FlG. 5.7 Yield Point Spectra for the B18 building in Vancouver for different 
levels : (a) SHL-75; (b) SHL-475; and (c) SHL-2500. 
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5.3 Direct Displacement-Based Method 
The direct displacement-based design method described in chapter 3 is applied first to 
the B6 building located in Montreal. Three seismic hazard levels SHL-75, SHL-475 and 
SHL-2500 are considered. 
Step 1 : The target displacement profile is calculated using Eq. (3.27) as shown in 
Table 5.3. Fig. 5.8 represents drift-controlled and rotation controlled target 
displacement profiles for the B6 building submitted to three seismic hazard 
levels SHL-75, SHL-475 and SHL-2500. Minimum target performance displa-
cement profiles are shown in bold in Table 5.3 and are represented by thicker 
lines in Fig. 5.8. 





































































Step 2 : Using Eq. (3.60), Eq. (3.61) and Eq. (3.62) the design peak displacement Aeff, 
the effective mass Meg- and the effective height heff of the equivalent SDOF 
system of the B6 building in Montreal are calculated in details for SHL-2500 
and shown in Table 5.4. 
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FIG. 5.8 Target displacement profile for B6 building under SHL-75, SHL-475 and SHL-
2500 seismic hazards : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-
475 and (c) Seismic Hazard Level SHL-2500. 
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Step 3 : The yield curvature of the B6 building is first estimated according to Eq. (3.21) 
2ey 2x0.002 4 _y 
+* = t = ~^- = 6 - 0 6 1 X l ° m 
Assuming a triangular distributed seismic force, the yield displacement Ay at 
the height of the resultant lateral seismic force is calculated using Eq. (3.66). 





496.4 x 103 
0.166 m 




4 9 M X l ° 3 = 2992.2 xlO^kg 
i = l 
y^mjAj 
7957.8 x 103 
496.4 x 103 




i = l 
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TAB. 5.5 Properties of the equivalent SDOF system of the B6 building in Montreal 
Seismic hazard level 
Equivalent SDOF properties 
Peak displacement Aeff (m) 
Effective mass Meff (10
3 kg) 













For example, under seismic hazard level SHL-2500 
Aeff'y = 4 M ? ^eS ~ 10/leff/l- + 2 ° h ^ 
6.061 x 10"4 x 16.032 
40 x 213 
(16.033 - 10 x 16.03 x 212 + 20 x 213) 
= 0.050 m 
The yield displacements corresponding to the considered three seismic hazard 
levels are summarized in Table 5.6. 
Step 4 : The displacement ductilities corresponding to the three seismic hazard levels 
are calculated as the ratios of Aeg to Aeff>y as shown in Table 5.6. 
Step 5 : The effective damping ratios £eff for the three seismic hazard levels are deter-
mined using Eq. (3.64) and summarized in Table 5.6. 
TAB. 5.6 Yield displacements, displacement ductilities and effective damping ratios for 
the B6-storey building. 
Seismic hazard level 
m Yield displacement Ay 
Displacement ductility ji 














Step 6 : Construct a 5% damped inelastic displacement spectra based on a 5% damped 
pseudo-acceleration spectrum using Eq. (3.68). 
Step 7 : Determine the displacement spectra for effective damping £efj using the relation 
proposed by Eurocode EC8 ( [Eurocode 1998]) 
^ ) = A < 5 % y _ z _ (5.9) 
where Ae and Ae are the spectral displacements at 5% and £eff damping 
values, respectively. Development of displacement spectrums for different dam-
ping values £ is demonstrated in Figure 5.9 for the the three seismic hazard 
levels. 
Step 8 : Based on the reported from Figure 5.9 effective period Teff, the effective stiff-
ness Kefi and design base shear Vefi are calculated using (Priestley and Ko-
walsky 2000). For example, under seismic hazard level SHL-2500 Keff and Veg 
are as follows : 
^ = ^ = ^ ! " = 2 5 5 4 . 7 x l 0 3 N / m ( 5 , 0 ) 
Vu = Ves = KeS Aeff = 2554.7 x 10
3 x 0.166 = 424kN (5.11) 
The Direct Displacement-Based Design Method is then applied to the studied buildings 
in Montreal and Vancouver for the trhee seismic levels. Identically to the B6 building 
in Montreal, the drift-controlled and rotation controlled target displacement profiles are 
first illustrated in Figures 5.10 and 5.11 and then the displacement spectrums are deve-
lopped in Figures 5.12 to 5.16. The corresponding results for the cases studied herein are 
summarized in Tables 5.7, 5.8 and 5.9. 
5.4 Inelastic Design Spectra Method 
The Inelastic Design Spectra method for Displacement-based design (IDS) is illustrated 
here as a step by step procedure for the B6 building, located in Montreal and subjected 
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(a) 30 (b) 30 
Period T, [s] 
Teff 10 15 
Period T, [s] 
(c) 30 
5 Teff 10 15 
Period T, [s] 
FlG. 5.9 Displacement Spectra for different damping values £ for the D6 building in 
Montreal : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
(c) Seismic Hazard Level SHL-2500. 
122 



















f f L - . 
SHL-75 
- » - Drift-control 
—B- Rotation-control 
i 












£ 24.5 -\ 












- • - Drift-control 
- a - Rotation-control 
i ' i ' i ' 
0.4 0.6 0.8 
acement [m] 
FIG. 5.10 Target displacement profile for B12 building under SHL-75, SHL-475 and SHL-
2500 seismic hazards : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-
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F I G . 5.11 Target displacement profile for B18 building under SHL-75, SHL-475 and SHL-
2500 seismic hazards : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-
475 and (c) Seismic Hazard Level SHL-2500. 
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(a) 30 (b) 30 
leff 5 10 15 
Period T, [s] 
10 15 











Period T, [s] 
FlG. 5.12 Displacement Spectra for different damping values ^ for the B6 building in 
Vancouver : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
(c) Seismic Hazard Level SHL-2500. 
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F I G . 5.13 Displacement Spectra for different damping values £ for the B12 building in 
Montreal : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 











































eff 10 15 
Period T, [s] 
FlG. 5.14 Displacement Spectra for different damping values 4" f ° r the B12 building in 
Vancouver : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
(c) Seismic Hazard Level SHL-2500. 
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FlG. 5.15 Displacement Spectra for different damping values £ for the B18 building in 
Montreal : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
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FlG. 5.16 Displacement Spectra for different damping values £ for the B18 building in 
Vancouver : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
(c) Seismic Hazard Level SHL-2500. 
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to seismic hazard level SHL-2500. 
Step 1 : The system yield displacement Ay is initially estimated as the value, defined 
in the Direct Displacement-Based Design Method (Section 3.4) - Ay = 0.05 m, 
listed in Table 5.7 for the B6 building in Montreal; 
Step 2 : The acceptable hinge inelastic rotation at the base is assumed as 6p = 0.008 rad, 
as listed in Table 3.5 ; 
Step 3 : Similarly to Ay, the system target displacement is initially estimated as the 
value, defined in the Direct Displacement-Based Design Method (Section 3.4) 
- Aeff = 0.166m, listed in Table 5.7 for the B6 building in Montreal. For 
the following steps in the iteration procedure Aeff is defined as per Chopra 
example (Chopra and Goel 2001) : Aeff = Ay + heS6p = Ay + 16.03 x 0.008, 
where /ief = 16.03 m was perviously defined in Table 5.7, Section 3.4 and Ay 
resulted from the last iteration step ; 
Step 4 : The design displacement ductility is ji = Aeff/Ay = 0.166/0.05 = 3.3; 
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Step 5 : Build inelastic displacement design spectra for the calculated design ductility 
//, as shown in Figure 5.17; 
Step 6 : Enter the inelastic displacement spectra with Aeff = 0.166 to read the corres-
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FlG. 5.17 Inelastic displacement spectra development in order to obtain the system period 
Tn at corresponding ductility for the B6 building located in Montreal for SHL-2500. 




eff T2 ^ e n 5.222 2 x 105 
21.68kN/cm; The effective mass Meff = 2992.2 x 10
3kg, corresponding to 
the SDOF system (effective system), was previously calculated by the Direct 
Displacement-Based Design Method (Section 3.4) and the value was listed in 
Table 5.7 for the B6 building in Montreal. The calculations in Chopra's DBD 
method are performed for a single shear wall. 
Step 8 : The required yield strength / r e q = A;Ay = 21.68 x 5 = 108 kN; 
Step 9 : The required flexural strenght Mreq, based on the required yield strength is 
calculated : M req = /req/ieff = 108 x 16.03 = 1731 kNm. 
Unless research is performed for the shearwall behaviour under different seismic 
hazard levels SHL-475 and SHL-75 and thus the minimum required reinforce-
ment ratio for such a behaviour, the design moment flexural strength Mu in 
the present study is chosen as the required flexural strength, which in our case 
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is : Mu = Mreq = 1731 kNm. Therefore, the design lateral yield strength Vu 
would be : K = /req = 108 kN 
Step 10 : The initial elastic stiffness is then redefined - k^ = 3—-~— = 3———-$ —— = 
/igff 16.03
,:S x 100 
20.9 kN/cm, where the effective system property is defined as - EIefi = Mu/<py = 
1731/0.00606 = 2.866 x 106kNm2. 
Step 11 : The corresponding yield displacement is determined : Ay>c|es = v— = ^TT; — 
"-des 20.» 
5.19 cm for the so-designed structural system ; 
Step 12 : The estimated yield displacement Ay = 5 cm [Step 1] is compared to the 
obtained yield displacement Ay)des = 5.19 cm [Step 11]; 
Step 13 : Steps 1 to 11 are repeated until a desired yield displacement difference is 
obtained. In the present case a satisfactory yield displacement difference was 
obtained after two iterations giving a shearwall lateral yield strength of Vu = 
l l l k N per wall and so then Vn = 2 x / r e q = 2 x 111 = 222kN as a building 
base shear. 
TAB. 5.10 Results of iterative DBD procedure for 6-storey shearwall in Montreal using 











































The Chopra method procedure for Displacement-based design (DBD) using inelastic de-
sign spectra is applied for the three models of 6-, 12- and 18-storeys buildings, located in 
Montreal and Vancouver, subjected to the three seismic hazard levels SHL-75, SHL-475 
and SHL-2500. Steps [ 1] to [11] of the afore-described Chopra method, are tabulated in 
details for each building and for each seismic hazard level and are represented in Annex IV. 
Following is a comparative Table 5.11 with the final results for the yielding lateral and 
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F I G . 5.18 Displacement Spectra for different ductility values fi for the B6 building in 
Montreal : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
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F lG . 5.19 Di sp l acemen t S p e c t r a for different duc t i l i ty values fJ, for t h e B6 bu i ld ing in 
Vancouver : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
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P I G . 5.20 Di sp l acemen t S p e c t r a for different duc t i l i ty values /i for t h e B12 bu i ld ing in 
Montreal : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
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F I G . 5.21 Displacement Spectra for different, ductility values /J. for the B12 building in 
Vancouver : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
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F I G . 5.22 Displacement Spectra for different ductility values n for the B18 building in 
Montreal : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
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F I G . 5.23 Di sp l acemen t S p e c t r a for different duc t i l i ty values fi for t h e B18 bu i ld ing in 
Vancouver : (a) Seismic Hazard Level SHL-75; (b) Seismic Hazard Level SHL-475 and 
(c) Seismic Hazard Level SHL-2500. 
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SHL in both cities. The final design results for the shear wall base shear and moment / r e q 
and M r e q are listed in the following table as Vu and M u . 
T A B . 5.11 Maximum displacement, design base shear and moment results from IDS me-
thod for a shear wall in B6, B12 and B18 under SHL-75, -475 and -2500. 
Montreal Vancouver 
Aeff Vu Mu Aeff Vu Mu 
Buildings (m) (kN) (kNm) (m) (kN) (kNm) 
Seismic Hazard Level SHL-2500 
B6 0.167 111 1783 0.166 720 11512 
B12 0.405 356 10610 0.404 1212 36059 
B18 0.724 805 35209 0.722 4345 189880 
Seismic Hazard Level SHL-475 
B6 0.111 54 865 0.110 520 8366 
B12 0.294 212 6326 0.291 932 27734 
B18 0.554 247 10810 0.553 1524 66526 
Seismic Hazard Level SHL-75 
B6 0.055 21 337 0.078 188 2954 
B12 0.234 53 1583 0.233 397 11758 
B18 0.367 111 4731 0.447 517 21968 
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CHAPTER 6 
NONLINEAR TIME HISTORY DYNAMIC ANALYSES 
6.1 Introduction 
As described in Chapter 2, the NBCC 2005 (CCBFC 2005) avocates the use of linear and 
nonlinear dynamic analyses to establish design loads for building structures. For common 
structural design purposes, buildings and construction materials are generally considered 
to behave in a linear elastic manner. When subjected to important dynamic loads, non-
linear response has to be assessed, and this is particularly valid for buildings designed to 
dissipate inelastic energy. As principal seismic force resisting systems, shear walls should 
be designed to efficiently dissipate earthquake energy and their response to this type of 
loading is expected to extend to the nonlinear inelastic range. Nonlinear time history 
analyses are used in this chapter to assess the seismic performance of the three cantilever 
shear walls designed previously in Chapter 4. The buildings are subjected to historical 
and synthetic ground motions to evaluate their nonlinear response in light of the target 
performance objectives described in Chapters 2 and 5. Internal forces and maximum dis-
placements at each floor are obtained and compared to results of the displacement-based 
approaches presented in Chapter 5. The computer program Ruaumoko2D (Carr 2002) 
is used to perform nonlinear dynamic analyses of two-dimensional models of the three 
cantilever shear wall buildings B6, B12 and B18. It is to be mentioned that soil-structure 
interaction effects are not included in the present research. 
6.2 Seismic Input 
6.2.1 Selected Ground Motions 
Ground motions used for seismic performance evaluation at a given location should re-
flect specific site characteristics such as tectonic environment, magnitude and epicentral 
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distance of expected earthquake events. The NBCC 2005 requires that ground motions 
selected as seismic input be compatible with the Geological Survey of Canada fourth-
generation seismic hazard maps (Adams et al. 1999). This compatibility is ensured through 
spectrum matching with respect to the Uniform Hazard Spectra at 2% probability of 
exeedance in 50 years (CCBFC 2005). Two historical and five simulated accelerograms 
are used in this work as explained next. 
Acceleration time histories recorded during the Saguenay and the Nahanni earthquakes 
are selected as seismic input. Earthquake data was taken from the Geological Survey 
of Canada (GSC 2006). Table 6.1 contains the main characteristics of the 4 horizontal 
components considered. The corresponding accelerograms are illustrated in Fig. 6.1. 
TAB. 6.1 Main characteristics of selected historical ground motions. 
Duration PGA 
No Label Event Date Component (s) (g) 
1 SagO Saguenay 25-11-1988 0° 25.00 0.063 
2 Sag90 Saguenay 25-11-1988 90° 25.00 0.091 
3 NahlO Nahanni 23-12-1985 10° 20.33 0.975 
4 Nah280 Nahanni 23-12-1985 280° 20.42 1.345 
In addition to the historical accelerograms described above, synthetic ground motions 
compatible with the 1/2475 per annum UHS prescribed by he NBCC 2005 for Montreal 
and Vancouver are considered. These synthetic accelerograms are assumed to realistically 
represent ground motions corresponding to combinations of earthquake magnitudes M 
and distances R that contribute most to hazard at the two cities. Table 6.2 shows the 
magnitude-distance combinations considered and the Fine-Tune Scale Factor (FTSF) used 
to calibrate the simulated earthquake signals (Atkinson and Beresnev 1998). The charac-
teristics of the 10 resulting simulated earthquake signals used in this work are presented 
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FIG. 6.1 Saguenay and Nahanni accelerograms used for nonlinear dynamic analyses. 
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TAB. 6.2 Magnitude-distance combinations and corresponding Fine-Tune Scale 






Montreal M6.0 at R=30km 0.85 M7.0 at R=70 km 0.90 
Vancouver M6.5 at R=30km 1.00 M7.2atR=70km 1.00 
M8.5 Cascadia 2.20 
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F I G . 6.2 Simulated accelerograms generated to represent short-period and long-period 
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P i o . 6.3 Simulated accelerograms generated to represent short-period and long-period 


































AtkM85, Trial 1 
60 80 100 120 
AtkM85, Trial 2 
| l k ^ ^ 
60 80 100 120 
FlG. 6.4 Simulated accelerograms generated to represent ground-motion hazard for Cas-
cadia Subduction Zone. 
6.2.2 T i m e D o m a i n S p e c t r u m - M a t c h i n g 
As mentioned previously, the ground motions used for seismic analyses have to be sca-
led to match the target UHS at Montreal and Vancouver as prescribed by the NBCC 
2005 [Art. 4.1.8.4 (1) and (6)]. To preserve the non-stationary character of the modified 
records, close spectrum-matching was performed in the time domain using the computer 
code RSPMATCH (Abrahamson 1998). This program implements the scaling algorithm 
proposed by Lilhanand and Tseng (1988), which produces a transformed signal by adding 
wavelets to the original record and adjusting the resulting spectral amplitude to closely 
fit the target spectrum. Using the FTSF factors shown in Table 6.3, the simulated ground 
motions are readily loosely matched to the target NBCC 2005 UHS. For comparison 
purposes, a close spectrum-matching is also performed on the simulated accelerograms. 
Table 6.4 contains the signals used as seismic input for the non linear analyses conducted 
in this work. Figures 6.5 to 6.11 illustrate the original and scaled acceleration response 
spectra of the used earthquake signals as well as the NBCC 2005 2% in 50 year UHS at 
Montreal or Vancouver, correspondingly. 
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FlG. 6.5 Acceleration response spectra of short-period simulated ground-motions for 












FlG. 6.6 Acceleration response spectra of long-period simulated ground-motions for Mont-


















F I G . 6.7 Acceleration response spectra of original Saguenay ground motion and its close 






F I G . 6.8 Acceleration response spectra of original Nahanni ground motion and its close 






FlG. 6.9 Acceleration response spectra of short-period simulated ground-motions for Van-












F I G . 6.10 Acceleration response spectra of long-period simulated ground-motions for Van-
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F I G . 6.11 Acceleration response spectra of simulated ground-motions for Cascadia Sub-
duction zone, loosely and closely scaled to NBCC 2005 2% in 50 year UHS at Vancouver. 
6.3 Numerical Modelling Aspects 
6.3.1 Computer Program 
As mentioned before, nonlinear dynamic analyses of the three cantilever shear walls are 
conducted using the computer program Ruaumoko2D (Carr 2002). This program was 
initially developed to assess nonlinear time history response of building structures to 
earthquake loads (Carr 1982). The recent versions of the program can also be used to 
apply monotonic or cyclic loadings and to perform pushover analyses. It is chosen for the 
present work because of its widespread use by the earthquake engineering community, 
and most importantly due to the diversity of element types, hysteretic rules and other 





6.3.2 Mater ia l s Def ini t ion 
The Kent and Park relation between stress and strain in the concrete is chosen for analysis 
(see Fig.6.12), taking into account the following hypoteses [Carr 2002] : 
- The concrete is assumed to carry no tensile stress once the material has cracked and 
the compressive strain has exceeded the concrete ultimate strain EPSB is 0.0035, as 
per CI.10.1.3 [Canadian Standard Association 2004]. 
- The concrete stress-strain law follows a quadratic rule until the stress SIGA is reached. 
- The peak stress SIGA = —30000 kPa and the elastic modulus of the concrete EMODC = 
24647 kPa have been already defined in Chapter 4. 
- The concrete peak strain is implemented in the program as EPS A = 2x SIGA/EMODC. 
- The concrete ultimate stress SIGB is assumed as —3000 kPa and the concret cracking 
stress as SIGCR = 1750 kPa. 
- The steel hysteresis follows an elasto-plastic first yield rule, but subsequent cycles follow 
the Al-Bermani Bounding Surface one, where the deffault value of ALFA, accounting 
for the Bauschinger effect was overwritten to 1 in the present study, so to imply a 
bi-linear hysteresis, as shown in Fig. 6.13. 
LEGEND 
SIGA - Concrete Peak Stress f c 
SIGB - Concrete Ultimate Stress 
EPSA - Concrete Peak Strain 
EPSB - Concrete Ultimate Strain 
SIGCR - Concrete Cracking Stress 




EPSA EPSB Strain 
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a) Al-Bermani Steel Hysteresis b) Bilinear Steel Hysteresis 
FIG. 6.13 Steel Hysteresis 
6.3.3 Element Type and Numerical Aspects 
A Structural-Wall multi-fiber element proposed by Taylor (1977) is used to model the 
reinforced concrete shear walls. This element allows to represent the wall section as a 
concrete section with many fibers, taking into account the layout of steel rebars. In this 
case, the mechanical behaviour of both materials, concrete and reinforcing steel, is repre-
sented by their stress-strain diagrams, allowing for a suitable reproduction of the flexural 
behaviour of the section. The Ruaumoko Structural-Wall model was recently validated 
against experimental results on shear walls (Adebar and Ibrahim 2000 ; Velev 2006). 
The mass distribution along the wall height was represented by a corresponding node 
number. In the present case - one node was assigned to each floor, so then the total 
floor mass was lumped at the corresponding node and the gravity loading tributary to 
the wall is lumped at the same node, as well. The wall is considered fixed at the base 
and the wall segments are assumed rigidly connected at all wall joints. The basic wall 
section properties are first represented by the number of Lobatto integration sections 
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along the member, which is supposed to be a number between three(3) and seven(7). 
Five(5) integration sections for all wall members were assumed, giving analysis results of 
satisfactory precision. Then, the number of the segments in a section is assigned, which 
shall be between 3 and 20, where a number of 18 is the maximum segment number for a 
standard wall section. For the present modeling purposes, a Numerical Wall section input 
was chosen and a number of thirteen (13) segments NIP per section was assigned for all 
structural wall types. A general case of the numerical definition of one wall cross-section, 
as assigned by Ruaumoko input requirements [Carr 2002], is shown in Figure 6.14. 
LEGEND 
/ - Sub-area number 
X(I) - Location of centre of sub-area / 
As (I) - Area of steel in sub-area / 
Ac(I) - Area of concrete in sub-area / 
FlG. 6.14 Numerical Definition of Wall Cross-Section 
According to afore-mentioned requirements, all segments are then modeled throughout 
three specific values : A, B and C, as shown in Figure III. Detailed calculations are 
presented herein for the six storey building in Montreal, as a typical exemple for modeling 
all shear wall sections by floors for both cities. The reinforcement has been previously 
defined in Chapter 4. As shown in the legend in Figure III, A is the horizontal coordinate 
of the corresponding modeled reinforcement on an assumed horizontal axis starting at the 
concrete section left corner. The second value B is the area of the modeled reinforcement, 
which for the present case is : 8/2 x 500 = 2000 mm 2 for the inner and outer layers of the 
concentrated reinforcement in both ends of the shear wall (8M25). The value of B for the 
uniformly distributed vertical reinforcing bars along the shear wall web would be then : 
5400/260 x 1/9 x 2 x 100 = 462mm 2 , taking into account that M10@260mm have to be 






modeled throughout 9 segments. Therefore a value of B — 465 mm2 is assigned on the 
model sketch for the assumed 2 layers of 21 vertical bars M10, uniformly distributed in 
9 segments. The third value C is the concrete segment area, which is unified for all shear 
walls models and is specified by four (4) segments for the concentrated reinforcement 
in both shear wall ends and nine (9) segments for the uniformly distributed vertical 
reinforcing bars. So then the value of C is : 600/2 x 600 = 180000 mm2 for the inner and 
outer layers of the concentrated reinforcement and 5400/9 x 300 = 180000 mm2 for the 
shear wall web segments. 
Nonlinear analyses were performed according the requirements of NBCC 2005. For the 
purpose of determining forces and deflections of the structure, effective properties for the 
shear walls per floor levels were calculated for the three models according the Canadian 
standard A23.3-04 [Canadian Standard Association 2004]. The effective properties, as 
fraction of the gross section properties, are obtained by multiplying the corresponding 
gross section property with a reduction coefficient. For a section area and moment of 
inertia, the reduction coefficient is aw — 0.6 + -7A- according to CI.21.2.5.2.1 [Canadian 
Standard Association 2004]. 
The damping model used is of the Rayleigh type with the damping matrix proportional 
to the mass and the initial stiffness matrices. Rayleigh type viscous damping equal to 5% 
of critical damping is assumed for all modes of vibration. Dynamic Time-history using 
Newmark numerical method, with a constant average acceleration (5 — 0.25, and a 5% 
Rayleigh damping model was used for all time-history analysis. The analysis time-step 
was chosen as 0.00002. P — A effects were not activated into the analysis. The maximum 
number of cycles of Newton-Raphson iteration per Time-step was chosen as 10. The 
norm of the out-of-balance force vector relative to the incremental force vector for the 
Newton-Raphson iteration was chosen as 0.00001, which value is the square of the iteration 
tolerance required (in the case, the value of 0.00001 implies a tolerance of 0.3% in the 
residual vector). 
The following cross section properties were used for all models analysis for describing the 
LEGEND 
CVB - Concentrated Vertical Bars 
DVB - Distributed Vertical Bars 
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F I G . 6.15 Modeling of shear wall sections for 6 storey building located in Montreal 
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wall element : 
- 7g - Moment of inertia of the gross concrete section about centroidal axis, neglecting 
reinforcement. Ag, 7g - the area and moment of inertia of the gross cross section. 
fc - the specified compressive strength of concrete {f'c = 30MPa). 
/ y - the specified yield strength of reinforcement (/y = 400MPa). 
- leff - Effective moment of inertia, recommended in CI.21.2.5.2.1, CSA 23.3-04 [Canadian 
Standard Association 2004]. 7eff = (0.6 + -^-)L. 
6.4 Dynamic Analysis Results 
Inelastic dynamic analyses for the three models were performed through Ruaumoko pro-
gram (Carr 2002). Time-history dynamic analysis results are presented with the maximum 
peak values of the structural response. Resulting maximum values, for the story shears, 
moments and maximum diaphragm point displacements, from the above discussed ground 
motions, are listed in Tables 6.5 to 6.25. Graphical representation of the those peak values 
is shown in Figures 6.16 to 6.45. It could be seen from that figures that even if the used 
time-history records have been matched up to 1% convergence with the NBCC uniform 
hazard spectra, resulting peak values vary for all models and for both cities. The reason 
for that results variability is the different profiles of the recorded or syntetically generated 
ground motions records. As assumed in the NBCC 2005 and the CSA A23.3-04, maxi-
mum peak response values from inelastic dynamic analysis have to be lower or equal to 
the design values, for which the SFRS members are designed. In fact, maximum peak va-
lues obtained by the inelastic time-history dynamic analysis may exceed the design code 
values, as it could be seen in that project. In general, few differences may be expected 
because of uncertainty in either ground motion inputs or structural modeling properties 
or even in both inherent to inelastic analysis. 
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TAB. 6.5 Story shear forces, moments and maximum displacements for a 6-storey 
shear wall subject to non-linear dynamic analysis for earthquakes 1M6R30, 2M6R30 
and lM6R30match. 
1M6R30 2M6R30 lM6R30match 
V M A 
Lev. (kN) (kNm) (m) 
V M A 
(kN) (kNm) (m) 
V M A 











































1106 3709 0.056 
1231 7050 0.044 
1104 8472 0.032 
1233 9328 0.020 
1789 11320 0.010 
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FlG. 6.16 Shear and moment results from non-linear dynamic analysis for events M6R30 
- 6 storey shear wall in Montreal 
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TAB. 6.6 Story shear forces, moments and maximum displacements for a 6-storey 
shear wall subject to non-linear dynamic analysis for earthquakes 1M7R70, 2M7R70 
and lM7R70match. 
1M7R70 2M7R70 lM7R70match 
V M A 
Lev (kN) (kNm) (m) 
V M A 














































1279 4349 0.051 
1227 7147 0.039 
943 8328 0.029 
1315 8374 0.018 
2080 10660 0.009 
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FlG. 6.17 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M7R70, 2M7R70 and lM7R70match - 6 Storey 
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T A B . 6.7 Story shear forces, moments and maximum dis-
placements for a 6-storey shear wall subject to non-linear 
dynamic analysis for earthquakes NahlOMtl and Nah280Mtl 
NahinMtl NahlOMtl 
V M A V M A 











































T A B . 6.8 Story shear forces, moments and maximum dis-
placements for a 6-storey shear wall subject to non-linear 
dynamic analysis for earthquakes SagOMtl and Sag90Mtl . 
SagOMtl Sag90Mtl 
V M A V M A 
Lev. (kN) (kNm) (m) (kN) (kNm) (m) 






















2329 11570 0.010 1900 10850 0.009 
1 3628 15240 0.003 2665 14170 0.002 
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FlG. 6.18 Shear and moment results from non-linear dynamic analysis for earthquakes 
NahlOMtl, Nah280Mtl, SagOMtl and Sag90Mtl - 6 Storey 
TAB. 6.9 Story shear forces, moments and maximum displacements for a 12-storey 
shear wall subject to non-linear dynamic analysis for earthquakes 1M6R30, 2M6R30 
and lM6R30match. 
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FlG. 6.19 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M6R30, 2M6R30 and lM6R30match - 12 Storey 
TAB. 6.10 Story shear forces, moments and maximum displacements for a 12-storey 
shear wall subject to non-linear dynamic analysis for earthquakes 1M7R70, 2M7R70 
and lM7R70match. 
1M7R70 2M7R70 lM7R70match 
V M A V M A V M A 
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F I G . 6.20 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M7R70, 2M7R70 and lM7R70match - 12 Storey 
TAB. 6.11 Story shear forces, moments and maximum displacements for a 12-storey 
shear wall subject to non-linear dynamic analysis for earthquakes NahlOMtl and 
Nah280Mtl . 
NahlOMtl Nah280Mtl 
V M A 


























































































TAB. 6.12 Story shear forces, moments and 
shear wall subject to non-linear dynamic 
Sag90Mtl . 
maximum displacements for a 12-storey 
analysis for earthquakes SagOMtl and 
SagOMtl Sag90Mtl 
V M A V M A 
Lev. (kN) (kNm) (m) (kN) (kNm) (m) 
12 786 3487 0.106 773 3441 0.098 
11 972 6395 0.087 983 6411 0.084 
10 1031 7507 0.073 1054 7566 0.073 
9 832 8966 0.065 876 8929 0.065 
8 790 10340 0.057 914 9302 0.055 
7 901 10270 0.049 1095 9928 0.045 
6 1050 10490 0.041 1173 9585 0.036 
5 1353 10640 0.033 1251 9941 0.027 
4 1645 10670 0.024 1391 11010 0.019 
3 2042 11320 0.016 1644 12240 0.012 
2 2935 15580 0.009 2194 13310 0.006 
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F I G . 6.21 Shear and moment results from non-linear dynamic analysis for earthquakes 
NahlOMtl, Nah280Mtl, SagOMtl and Sag90Mtl - 12 Storey 
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TAB. 6.13 Story shear forces, moments and maximum displacements for a 18-storey 












































































































































































































































F I G . 6.22 Shear and moment results from non-linear dynamic analysis for earthquakes 












FlG. 6.23 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M7R70, 2M7R70 and lM7R70match - 18 Storey 
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TAB. 6.14 Story shear forces, moments and maximum displacements for a 18-storey 











































































































































































































TAB. 6.15 Story shear forces, moments and maximum displacements for 
a 18-storey shear wall subject to non-linear dynamic analysis for earth-














































































































































TAB. 6.16 Story shear forces, moments and maximum displacements for 
a 18-storey shear wall subject to non-linear dynamic analysis for earth-
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FIG. 6.24 Shear and moment results from non-linear dynamic analysis for earthquakes 
NahlOMtl, Nah280Mtl, SagOMtl and Sag90Mtl - 18 Storey 
TAB. 6.17 Story shear forces, moments and maximum displacements for 
a 6-storey shear wall subject to non-linear dynamic analysis for earth-
quakes 1M65R30, 2M65R30 and !M65R30match. 
1M65R30 2M65R30 lM65R30match 
V M A 
Lev. (kN) (kNm) (m) 
V M A 
(kN) (kNm) (m) 
V M A 
(kN) (kNm) (m) 
6 1007 3485 0.253 
5 1345 7015 0.200 
4 1343 10980 0.147 
3 2133 13910 0.097 
2 3115 17780 0.052 
1 4693 25680 0.016 
997 3478 0.257 
1406 7283 0.202 
1410 11440 0.148 
1637 14820 0.097 
2626 18650 0.051 
3958 25420 0.015 
1291 4433 0.140 
1284 7360 0.111 
1230 10160 0.081 
1925 13140 0.053 
3418 16210 0.027 























FlG. 6.25 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M65R30, 2M65R30 and lM65R30match - 6 Storey 
TAB. 6.18 Story shear forces, 
storey shear wall subject to non 
2M72R70 and lM72R70match 
moments and maximum displacements for a 6-
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FlG. 6.26 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M72R30, 2M72R30 and lM72R30match - 6 Storey 
TAB. 6.19 Story shear forces, moments and maximum displacements for a 6-storey 
shear wall subject to non-linear dynamic analysis for earthquakes 1M85VBC and 
2M85VBC . 
1M85VBC 2M85VBC 
V M A 
Lev. (kN) (kNm) (m) 
6 557 1926 0.079 
V M A 
(kN) (kNm) (m) 
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FIG. 6.27 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M85 and 2M85 - 6 Storey 
TAB. 6.20 Story shear forces, moments and maximum displacements for a 12-
storey shear wall subject to non-linear dynamic analysis for earthquakes 1M65R30, 
2M65R30 and lM65R30match. 
1M65R30 2M65R30 lM65R30match 
V M A V M A V M A 
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F I G . 6.28 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M65R30, 2M65R30 and lM65R30match - 12 Storey 
TAB. 6.21 Story shear forces, moments and maximum displacements for a 12-
storey shear wall subject to non-linear dynamic analysis for earthquakes 1M72R70, 
2M72R70 and lM72R70match. 





V M A 
fkNm) (m) 
V M A 


















































































































































F I G . 6.29 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M72R70, 2M72R70 and lM72R70match - 12 Storey 
TAB. 6.22 Story shear forces, moments and maximum displacements for a 12-storey 
shear wall subject to non-linear dynamic analysis for earthquakes 1M85VBC and 
2M85VBC . 
1M85VBC 2M85VBC 
V M A V M A 
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FlG. 6.30 Shear and moment results from non-linear dynamic analysis for earthquakes 
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FlG. 6.31 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M65R30, 2M65R30 and lM65R30match - 18 Storey 
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TAB. 6.23 Story shear forces, moments and maximum displacements for a 18-
storey shear wall subject to non-linear dynamic analysis for earthquakes 1M65R30, 











































































































































































































TAB. 6.24 Story shear forces, moments and maximum displacements for a 18-
storey shear wall subject to non-linear dynamic analysis for earthquakes 1M72R70, 
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F I G . 6.32 Shear and moment results from non-linear dynamic analysis for earthquakes 
1M72R70, 2M72R70 and lM72R70match - 18 Storey 
Following figures are graphical presentation of displacements results, as listed previously 
in Tables6.5 to 6.25, by floors for all models on both sites. 
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TAB. 6.25 Story shear forces, moments and 
shear wall subject to non-linear dynamic 
2M85VBC. 
maximum displacements for a 18-storey 
analysis for earthquakes 1M85VBC et 
1M85VBC 2M85VBC 
V M A 
Lev. (kN) (kNm) (m) 
V M A 
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F I G . 6.33 Shear and moment results from non-linear dynamic analysis for earthquakes 
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FlG. 6.35 Displacement results from non-linear dynamic analysis for earthquakes in Sa-
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FlG. 6.37 Displacement results from non-linear dynamic analysis for earthquakes in Sa-















FIG. 6.38 Displacement results from non-linear dynamic analysis for 18 storey shear wall 
in Montreal 
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FIG. 6.39 Displacement results from non-linear dynamic analysis for earthquakes in Sa-
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FlG. 6.41 Displacement results from non-linear dynamic analysis for earthquakes in Cas-
cadia zone - shear wall in B6 in Vancouver 
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FlG. 6.43 Displacement results from non-linear dynamic analysis for earthquakes in Cas-
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FlG. 6.45 Displacement results from non-linear dynamic analysis for earthquakes in Cas-
cadia zone - shear wall in B18 in Vancouver 
6.4.1 Concluding Remarks 
Based on the obtained results from both applied historical and synthetical ground motions 
as input to the nonlinear time history analyses, a few conclusions could be commented. 
6.4.1.1 Displacements 
Nonlinear analyses results for the shear walls in Montreal and Vancouver showed that 
inter-storey drifts indexes meet the 2.5% limit, required in the NBCC 2005 for all shear 
walls in both cities, as shown in Figures 6.46 and 6.47. That conclusion is valid for 
all seismic demands, including the 'loose spectrum matched' and the 'close spectrum 
matched' earthquakes. For Montreal that ratio bearly reaches 1%, even for the low to mid-
height buildings (i.e. B6 and B12), the inter-storey drift index is lower than 0.5%. That 
could be explained by the fact, that both geometric properties and ductility demand for 
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these shear walls have been conservatively assumed for design. For comparison purposes, 
an identical shear wall cross section was assumed for all buildings, and 'ductile' type has 
been assigned for all shear walls as well. However an economical design would rather 
require a different cross section (for example rectangular) for the shear walls in Montreal, 
as well as a 'moderately ductile' type for these shear walls with R^ — 2.0, especially for B6 
and B12 in Montreal. The conservative design for the same shear walls has been validated 
with the minimum limit assumed for the inelastic rotational demand, as shown previously 
from the spectral analyses results in Table 4.28. For the shear walls in Vancouver, the inter-
storey drift indexes are mainly between 1% and 2.5%, except for B6, where the maximum 
inter-storey drift index is 1.5% only for the short-period earthquake event (both 'loose' 
and 'close' spectrum matched). It must be noted, that similarly to the shear walls B6 and 
B12 in Montreal, for the B6 in Vancouver the minimum limit has been assigned for the 
inelastic rotational demand, as shown in the same Table 4.28, which means that the B6 
shear wall design in Vancouver might be found conservative as well. 
In the aspect of the shear wall height-to-width ratio, as shown in Figure 6.48, it must be 
noted that the peak roof displacements for the shear walls in Montreal give very simillar 
results for low to mid-height wall ratio, and the difference increases when increasing 
that ratio. A reason for that could be again the fact, that the B6 and B12 have been 
conservatively designed, as mentioned previously and their increased rigidity allow the 
top displacement to remain stable for periods up to two seconds in both cities. 
It is noted as well, that the values of Au for B12 are very similar to the results for B18 
when using the 'loose' spectrum matched events for both cities, which is valid for both 
trials of the short and the long period events. A reason for that could be the fact, that fine-
tune scaled events, both short and long period, provide 'loose' matched spectrums more 
than two times lower than the target spectra. In the same time the same 'loose' spectrums 
demonstrate almost constant values for structure periods bigger than two seconds, which 
is the present case for these buildings. 
For shear walls in Vancouver, the peak roof displacements demonstrate a stable trend 
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in function of height-to-width wall ratios, as shown in the same Figure 6.48. Peak roof 
displacements increase when increasing the height-to-width ratio for all events, except 
the 'loose' spectrum matched ones. Reason for that could be the fact, that shear walls 
in Vancouver have been designed to satisfy the required moment factored resistance, 
contreversly to Montreal, where the minimum required reinforcement by the NBCC 2005 
governed. 
6.4.1.2 Shear strengths 
Comparison of the base shear strengths peak values showed that results obtained through 
'spectrum matched' earthquakes differ from those, obtained through 'factor scaled' ones. 
Analyses for 'Close' spectrum matched events give higher values than the 'loose' spectrum 
matched ones and that difference is valid for both short- and long-period events, as well 
as for both cities. Almost two times is the difference between the corresponding events 
for B18 in both cities. The reason for that, as mentioned previously for Au could be the 
fact, that fine-tune scaled events, both short and long period, provide 'loose' matched 
spectrums more than two times lower than the target spectra for structure periods bigger 
than two seconds, which is the present case for these buildings. 
6.4.1.3 Moment strength 
Comparison for the base moment strengths values showed that the probable moment 
resistance of the shear walls is higher than the peak design values obtained from all non-
linear analyses for the shear walls in Montreal. Therefore, the design for that shear walls 
which was found to be very conservative, validated by the fact that the minimum flexu-
ral reinforcement governed the factored moment resistance demand, satisfy the moment 
demands for both synthetically generated and historic records, as well as both 'loose' and 
'close' spectrum matched events. However, for the shear walls in Vancouver, the probable 
moment resistance of the shear walls was overpassed for most of the analyses, even for 
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FIG. 6.47 Inter-storey drift indexes for shear walls in Vancouver 
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FIG. 6.48 Peak displacement results Au at roof for different height-to-width wall ratio : 
(a) Montreal; and (b) Vancouver; 
the low-rise buildings B6. Therefore, although the shear walls design satisfied the fac-
tored moment resistance demand for all shear walls, nonlinear analyses including both 
synthetically generated and historic records, as well as both 'loose' and 'close' spectrum 
matched events, seem to impose higher moment demands for the buildings in Vancouver, 
than provided by the spectral analysis. 
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CHAPTER 7 
COMPARISON OF PERFORMED ANALYSES 
7.1 Introduction 
This chapter makes a comparative study of the shear force at the base of a shear wall 
and the displacement results obtained throughout the analyses in the present work. The 
graphical representation of the comparative study is given for the wall height to length 
ratio for the three models in both cities. The non-linear time-history analyses, described 
in details in Chapter 6 are represented in the graphical visualization only by the results 
from the highly converged excitations, both history records and synthetically generated. 
The analyses are denoted herein as following : 
1. Linear spectral analysis - LSA, 
2. Non-linear time-history analysis - NLTHA. According to the earthquake record used 
for analysis, non-linear time-history analyses are designated in the present chapter 
with the labels previously listed in Table 6.4. 
3. Performance-based design methods analysis - PBDMA. According to the applied 
performance technique, performance methods are designated in the present chapter 
as following sub-types : 
- Yield Point Spectra method analysis (Ashheim) - YPS, 
- Direct Displacement-Based Design method (Priestley-Kowalsky) - DDBD, 
- Inelastic Design Spectra method (Chopra) - IDS. 
7.2 D i s p l a c e m e n t s 
7.2.1 Yield Displacements 
Table 7.1 compares the yield displacement Ay values at the top of the shear wall for the 
B6, B12 and B18 buildings located in Montreal and Vancouver. In order to calculate the 
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yield displacement at the top of the shear wall using the LSA, the equation Ay = 7wAf is 
applied, where 7W is listed in Table 4.27. Values in all tables for the displacement results 
are in (mm). 
TAB. 7.1 Yield displacement (Ay) results for a shear wall using LSA and PBDMA 
analyses (mm). 









































7.2.2 Design Displacements 
Table 7.2 compares the maximum design displacement Au values (at the top of the shear 
walls) for the B6, B12 and B18 buildings located in Montreal and Vancouver. Both dyna-
mic analysis procedures, recommended in the NBCC 2005, are represented in that table 
by their resulting design displacements (Ades) at the top of the shear walls. The maxi-
mum design displacements (Au) for the linear spectral analysis (LSA) are represented by 
the values of Ades = AfRdRo, summarized in Table4.28. Similarly to the LSA, (Au) for 
the non-linear time-history analysis (NLTHA) are represented by the values of A, listed 
in Tables 6.5 to 6.25. Regarding the performance-based design methods procedures, the 
target maximum displacement, the structure is designed for, corresponds to the design 
displacement Au , represented in that section. For the YPS procedure (Ashheim, 2000), 
Au is the target maximum displacement A n at the top of the building. For the DDBD 
procedure (Priestley and Kowalsky, 2001), Au is the target maximum displacement Aefl-, 
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Shear wall height / width ratio 
1 2 3 4 5 6 7 8 9 10 11 12 
Shear wall height / width ratio 
FlG. 7.1 Yield displacement (Ay) for different shear wall height-length ratios 
and PBDMA analyses for : (a) Montreal and (b) Vancouver. 
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target maximum displacement with the same designation Aeg, summarized in Table 5.11. 
TAB. 7.2 Maximum design displacement (Au) results for a shear wall using LSA, 
NLTHA and PBDMA analyses (mm) 
Shear wall in building 





1M6R30 / 1M62R30 
2M6R30 / 2M62R30 
lM6R30match / lM62R30match 
1M7R70 / 1M72R70 
2M7R70 / 2M72R70 





















































































































7.3 Shear St rength 
7.3.1 Yield Shear Force 
Table 7.3 compares the yield shear force Vy values at the base of a shear wall for the 
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Shear wall height / width ratio 
10 11 12 
F I G . 7.2 Design displacement (Au) for different shear wall height-length ratios using LSA, 
PBDMA and NLTHA analyses for : (a) Montreal and (b) Vancouver. 
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yield shear force at the shear wall base using the LSA, the following relation is applied 
Vy = V{R0, demonstrated in figure 3.1. Regarding the performance-based design methods 
procedures, the yield shear force Vy at the shear wall base is directly calculated following 
the YPS procedure (Ashheim, 2000). Values for Vy at the base of the buildings in both 
cities are summarized in Table 5.2. Values in all tables for the shear forces results are in 
(kN). 
T A B . 7.3 Yield shear force (Vy) results at a shear wall base using LSA and PBDMA 
analyses . 
Shear wall in building 

























7.3.2 Design Shear Force 
The design shear forces (Vu) for the non-linear time-history analyses (NLTHA) are re-
presented in Table 7.4 by their resulting maximum shear force values (Vn) at the base of 
the shear walls. The values Vu are listed in Tables 6.5 to 6.25. Regarding the performance-
based design methods procedures, the target shear force V ,̂ corresponds to the maxi-
mum target displacement Au , afore-represented in that chapter. For the DDBD procedure 
(Priestley and Kowalsky, 2001), Vu is the design base shear force Ves-, listed in Tables5.7 
to 5.9. For the IDS procedure (Chopra and Goel, 2001), Vu is the required design base 
shear force with the same designation Vn, summarized in Table 5.11. 
7.4 Comparative Study 
Observation of the summarized in that chapter maximum displacements at the top of the 
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FIG. 7.3 Design shear force (Vy) for different shear wall height-length ratios using LSA 
and YPS analyses for : (a) Montreal and (b) Vancouver. 
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TAB. 7.4 Design shear force (Vu) results at a shear wall base using NLTHA and 
PBDMA analyses . 
Montreal Vancouver 
Building B6 B12 B18 B6 B12 B18 
Height-to-length ratio 3.18 6.36 9.55 3.18 6.36 9.55 
DDBD 212 429 704 924 1508 2488 
IDS 245 576 919 863 2031 3251 
1M6R30 / 1M62R30 2727 2784 2124 4693 5375 4683 
2M6R30 / 2M62R30 2778 2337 2614 3958 4950 5665 
lM6R30match / lM62R30match 2439 4134 4079 5719 5565 7750 
1M7R70 / 1M72R70 2361 2667 2452 2763 3519 2947 
2M7R70 / 2M72R70 2264 2450 2407 1839 2755 3430 
lM7R70match / lM72R70match 3201 4243 4410 5986 6838 7561 
SagOMtl 3628 4272 3454 -
Sag90Mtl 2665 3675 4424 -
NahlOMtl 3897 4458 3506 -
Nah280Mtl 2857 2816 3985 -
1M85 - 1379 2062 2226 
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F I G . 7.4 Design shear force (Vu) for different shear wall he igh t - l eng th r a t io s us ing P D D M 


















to the following points : 
1. Yield displacement Ay 
- There is a definite increasing trend for the yield displacement Ay as a function 
of the shear wall height-length ratio for both Montreal and Vancouver. 
- When applying the performance-based design methods, the encrease of Ay is 
amplified when the wall ratio increases. That trend is particularly reflected by 
the YPS method for both cities. 
- The yield displacement values, obtained from the LSA, representing the current 
code practice, and from the three DBD technics, used in the present work, are 
very close for the smaller wall ratio for both cities. For the DDBD and IDS 
methods, those values almost coincide with that obtained throughout the NBCC 
2005 method (LSA). 
- The methods of Priestley and Kowalsky (DDBD) and Chopra and Goel (IDS), 
applied for the city of Vancouver, demonstrate very close values of the yield 
displacement to that obtained from the LSA for all wall ratios. 
2. Design maximum displacement Au 
- Similarly to Ay, an increasing trend exists for the maximum design displacement 
Au , as well, as a function of the shear wall height-length ratio (wall ratio) for 
both Montreal and Vancouver. That trend is more clearly defined for the city of 
Vancouver for all methods, studied in that project, application. For the city of 
Montreal, the increasing trend is particularly demonstrated by the performance-
based design methods nad the LSA, while the non-linear time-history analyses 
show such a trend for the higher wall height-to-length ratio. 
- Amplification of the design displacement (at the top of the building) as a function 
of the wall height-to-length is shown only for the NLTH analyses for the city of 
Montreal. For the three performance-based design methods and the LSA, the 
increase of Au seems to follow a very alike linear distribution. For the city of 
Vancouver a linear increase of Au can be observed in all analyses. 
- For Montreal the target design displacement values Au , obtained from the performance-
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based design methods, is significantly larger (two to three times), compared to the 
values of Au , obtained from all the current code dynamic analyses, while for the 
city of Vancouver both PBDM and NBCC 2005 analyses show very close design 
results for all wall height-to-length ratio. 
- Similarly to Ay, the methods of Priestley and Kowalsky (DDBD) and Chopra 
and Goel (IDS), applied for the city of Vancouver, demonstrate very close values 
of the design maximum displacement Au to those obtained from all dynamic 
analyses (LSA and NLTHA) for all wall ratios. That is particularly visible for 
the target values from the DDBD and IDS methods, and the maximum design 
displacements from all dynamic analyses, which are very close for the lower to 
mid-height buildings. 
3. Yield shear force Vy 
- A trend to increase is also valid for the yield shear force at the base of the 
building Vy as a function of the wall ratio for the NBCC 2005 dynamic (LSA) 
and performance-based (YPS) analyses. That trend is characteristic for both cities 
of Montreal and Vancouver. 
- A trend of yield force amplification as a function of the wall ratio may be noticed 
only when the YPS method is applied for the city of Vancouver. For the city of 
Montreal the raise of Vy as a function of the wall ratio is more alike linear. 
- The base yield shear force values obtained from the LSA, representing the current 
code practice, and from the YPS procedure differ considerably for both cities. For 
the city of Vancouver the values for Vy, obtained from LSA exceed two to three 
times those from YPS and the difference is inversly proportional to the wall ratio. 
For the city of Montreal the difference of Vy is even much bigger (three to ten 
times), but it is again inversly proportional to the wall ratio - the Vy difference 
decreases when increasing the wall ratio. 
4. Shear design force Va 
- There is a trend of increasing the shear design force at the base of the building 
Vu as a function of the wall ratio more specifically for the city of Vancouver. For 
Montreal such a trend is valid mostly for the PBDM analyses results. 
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- The design base shear force values obtained from the current code dynamic ana-
lyses, and those from the performance-based design methods differ considerably 
for both cities. For the city of Vancouver the values for Vu, obtained from NLTHA 
exceed five to six times those from PBDM (represented by DDBD and IDS) for 
lower buildings and two to three times for higher buildings results. Similarly to 
the yield force values Vy, for the city of Montreal, the difference of Vu is again 
much bigger between the Code prescribed dynamic analyses and the PBDM pro-
cedures. Forces V ,̂ obtained from NLTHA exceed ten to fifteen times those from 
PBDM (represented by DDBD and IDS) for lower buildings and six to three times 
for higher buildings results. Therefore, it may be seen, that the design shear force 
Vu difference is again inversly proportional to the wall ratio for both cities. More 
the wall ratio increases, more the design shear force difference decreases between 
the NBCC 2005 prescribed dynamic analyses and the PBDM procedures, studied 
in that project. 
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C H A P T E R 8 
C O N C L U S I O N S A N D R E C O M M E N D A T I O N S 
Three different displacement-based design procedures have been applied to three struc-
tural models of different height in two Canadian cities. It is important to note that these 
methods were not employed as design tools (i.e. the structure was designed using standard 
capacity-design approaches), but rather as the procedure to evaluate seismic performance 
of the building. The three models have an identical lateral force resisting system. Montreal 
and Vancouver have been chosen as representative for the Eastern and Western Canada 
seismic hazard spectra. The application of the three DBD methods and the code pres-
cribed dynamic analysis procedures to all building models highlighted that all methods 
successfully sustained the target design parameters although the design strength varies 
significantly. 
An interesting comparison of the design strenghts between DDBD and IDS methods 
is observed. Although both methods use a same target displacement profile as a start 
point, the resulting design maximum displacements differ by 50% when increasing the 
wall height-width ratio. In the same time the resulting design base shear strengths of 
both methods match within a small difference for all height-width ratio in both cities, 
except for the small buildings in Montreal, where the design shear from DDBD is twice 
that resulting from IDS. From the DBD methods, studied in that work, only the IDS 
method (Chopra and Goel, 2001) reflects the member design strength. In order to be 
consistent with the other DBD methods and for the purpose of their comparison, it was 
assumed in that project that the design moment, when applying the IDS method, is 
based on the required flexural resistance, which is times inferior than the required by 
the NBCC 2005 for all models in both cities. It would be interesting to compare then 
the design strengths obtained by the DBD methods when is used a minimum limitation 
for the required flexural resistance. It is expected that such limitation would govern the 
design shear strengths for all models and would approach the shear forces results from 
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the IDS to the code prescribed values, compared with the other DBD technics used in 
that project. It must be noted, that the correspondance of the fiexural resistance for the 
used seismic hazard levels has to be validated as well. 
Limitations are identified for all the DBD method. The YPS method (Aschheim, 2000) 
assumes that the structure will respond principally in the first mode. Therefore, values 
for the first mode participation factor relating the roof displacement to the displacement 
of an equivalent single degree of freedom system (SDOF) had to be assumed. The system 
effective mass also had to be assumed. The DDBD method (Priestley and Kowalsky, 
2000) assumes the use of a preliminary defined target displacement profile. The IDS 
(Chopra, 2001) assumes a plastic rotation to be limited in the iterative procedures of the 
inelastic displacement. All these assumptions exclude the higer mode effect, which could 
be significant and must be furterly studied. No recommendations are made for the base 
shear distribution over the structure height. 
An increasing trend has been noticed for all DBD methods, both for the design maximum 
and yield displacement, as well as for the design base shears in function of the wall ratio 
for both cities. Therefore a scaling effect may be studied further as for preliminary good 
approach to expected performance for the three DBD methods, studied in that work. 
Because those methods have been applied only to shear walls as a SRFS element and 
to regular structures, further study would be needed to verify that trend to other SRFS 
elements and to irregular structures. 
Unless experimental validations are carried out, it would be difficult to state which method 
would perform best for design. Although the resulting maximum displacements have been 
found for some analyses much higher than the obtained by the NBCC 2005 dynamic 
analyses, they are based and satisfy the target objectives for interstorey drift limits. It is 
particularly shown for high wall ratio models in Montreal. In the same time the design base 
shear strengths are times lower than those obtained by the code prescribed procedures. 
In an economical meaning, all methods studied in that project give cost efficient design, 
while maintaining the target design parameters. Therefore an experimental validation of 
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the performance objectives for damage level index and their relation with the flexural and 
shear strengths limitations may conduct to much economical design. 
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ANNEXE I 
AXIAL LOADING FOR A SINGLE SHEAR WALL AND A BUILDING 
FOR ALL MODELS 
* Live Load Reduction Factor : 
rea - Reduction factor for Live Loading over trib. areas bigger 
than 20m2 and surcharges other than specified per Clause 4.1.6.9,1&2 [CCBFC 2005]. 
(2)F^rr- = 0.5 + y/20/Area - Reduction factor for Live Loading over trib. areas bigger 
than 80m2 and surcharges bigger than 4.8kPa, as per Clause 4.1.6.9 [CCBFC 2005]. 
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ANNEXE II 
TORSIONAL SENSITIVITY FOR 6B, 12B A N D 18B BUILDINGS IN 
MONTREAL A N D VANCOUVER 
The torsional sensitivity for the three models 6B, 12B and 18B is determined according 
Article 4.1.8.11, Sentence (9), NBCC 2005 and explained in Section 2.2 of that project. It 
is schematically represented in Figure 2.1 (Tremblay 2005). The torsional effects in the 
present work are accounted by applying the equivalent static forces, determined in Chapter 
4 with concurently acting torsional moments due to accidental eccentricities at each level, 
which are : Tx = Fx(ex ±0.10Dnx). The lateral deflections 6mSLX, 5ave resulting from those 
analyses and listed in the following Tables II. 1, II.2 and II.3 have to be multiplied by 
(R^RO/IE) in order to give realistic values of the anticipated deflections, according to 
Article 4.1.8.13, Sentence (2), NBCC 2005. 
TAB. II. 1 Maximum to average displacement ratio at the extreme 


































































TAB. II.2 Maximum to average displacement ratio at the extreme 



















































































































TAB. II.3 Maximum to average displacement ratio at the extreme 




Floor (m) (m) (m) 
18 63.0 0.343 0.299 
17 59.5 0.317 0.276 
16 56.0 0.290 0.253 
15 52.5 0.264 0.230 
14 49.0 0.238 0.207 
13 45.5 0.212 0.185 
12 42.0 0.187 0.163 
11 38.5 0.163 0.141 
10 35.0 0.139 0.121 
9 31.5 0.116 0.101 
8 28.0 0.095 0.083 
7 24.5 0.075 0.065 
6 21.0 0.057 0.050 
5 17.5 0.041 0.036 
4 14.0 0.027 0.024 
3 10.5 0.016 0.014 
2 7.0 0.008 0.007 


















































































MODELING OF CONCRETE SHEAR WALLS 
LEGEND 
CVB - Concentrated Vertical Bars 600 
DVB - Distributed Vertical Bars 
DHB - Distributed Horizontal Bars 
E.E. -EachEnd 
E.F. - Each Face 
A -Horizontal coordinate of modeled 
reinforcement, [mm] 
B -Area of modeled reinforcement, [mm2] 0 












TT) M15 @ 450mm DHB E.F. 
r: : ^ EB 111 




































































































(7) M15 @ 200mm DHB E.F. 
=*S 
- ® 8M25 CVB E.E. ©M10@260mm DVB E.F. 



























































































































F I G . III.l Modeling of shear wall sections for B6 located in Montreal 
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LEGEND 
CVB - Concentrated Vertical Bars 
DVB - Distributed Vertical Bars 









- Each End 
- Each Face 
- Horizontal coordinate of modeled 
reinforcement, [mm] 
- Area of modeled reinforcement, [mm2] 







(U) Ml5 @ 450mm DHB E.F. 
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0 8M25 CVB E.E. ©M10@260mm DVB E.F 
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(?) M15 @ 300mm DHB E.F 
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FIG. III.2 Modeling of shear wall sections for B12 located in Montreal 
231 
LEGEND 
CVB - Concentrated Vertical Bars 
DVB - Distributed Vertical Bars 
DHB - Distributed Horizontal Bars 
E.E. - Each End 
E.F. - Each Face 
A - Horizontal coordinate of modeled 
reinforcement, [mm] 
B - Area of modeled reinforcement, [mm2] 








(H) M15 @ 450mm DHB E.F. 
m m 
(T) 8M25 CVB E.E. (23M10@260mm DVB E.F. 
7-9 FLOORS 
=& 
9) Ml5 @ 300mm DHB E.F. 
(T) 8M25 CVB E.E. @M10@260mm DVB E.F. 
1-6 FLOORS 
m= (7) Ml5 @ 200mm DHB E.F. m 
(T) 8M25 CVB E.E. @M10@260mm DVB E.F. 
1-18 FLOORS 





















































































































FIG. III.3 Modeling of shear wall sections for B18 located in Montreal 
LEGEND 
CVB - Concentrated Vertical Bars 
DVB - Distributed Vertical Bars 
DHB - Distributed Horizontal Bars 
E.E. - Each End 
E.F. -EachFace 
A - Horizontal coordinate of modeled 
reinforcement, [mm] 
B - Area of modeled reinforcement, [mm2] 











(7) Ml5 @ 200mm DHB E.F. m 

































































































































FlG. III.4 Modeling of shear wall sections for B6 located in Vancouver 
LEGEND 
CVB - Concentrated Vertical Bars 
DVB - Distributed Vertical Bars 
DHB - Distributed Horizontal Bars 
E.E. - Each End 
E.F. - Each Face 
A - Horizontal coordinate of modeled 
reinforcement, [mm] 
B - Area of modeled reinforcement, [mm2] 
C - Area of concrete section, [mm2] 
600 5400 
o o 






(H) M15 @ 450mm DHB E.F. 
m =&= X m 
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(8) Ml5 @ 250mm DHB E.F. 
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(6) M15@ 150mm DHB E.F 
JTT~] 
































































































F I G . III.5 Modeling of shear wall sections for B12 located in Vancouver 
LEGEND 
CVB - Concentrated Vertical Bars 
DVB - Distributed Vertical Bars 







- Each End 
- Each Face 
- Horizontal coordinate of modeled 
reinforcement, [mm] 
- Area of modeled reinforcement, [mm2] 
- Area of concrete section, [mm2] 
o 
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(6) M15 @ 150mm DHB E.F. 
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(6) M15@ 150mm DHB E.F. 
fnm 








































































































FIG. III.6 Modeling of shear wall sections for B18 located in Vancouver 
13-18 FLOORS 
i £ 
(10) M15 @ 400mm DHB E.F. 
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(8) Ml5 @ 250mm DHB E.F. 
.W S 











































































































































D M15 @ 250mm DHB E.F. 
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FlG. III.7 Modeling of shear wall sections for B18 located in Vancouver(cont.) 
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ANNEXE IV 
CHOPRA METHOD - DISPLACEMENT-BASED DESIGN USING 
INELASTIC DESIGN SPECTRUM FOR 6-, 12- A N D 18-STOREYS 
SHEARWALLS IN MONTREAL A N D VANCOUVER 
TAB. IV. 1 Results of iterative DBD procedure for 6-storey shearwall in Montreal using 











































TAB. IV.2 Results of iterative DBD procedure for 6-storey shearwall in Montreal using 
inelastic design spectrum for SHL-475. 
No Ay Aeff fl T k / r e q Mreq EIeg kdes Ayfies 
(cm) (cm) (s) (kN/cm) (kN) (kNm) (kNm2) (kN/cm) (cm) 
1 5.00 10.9 2.2 7.4 10.7 54 865 14+E5 10.2 5.27 
2 5.27 11.1 2.1 7.5 10.3 54 878 14+E5 10.3 5.27 
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TAB. IV.3 Results of iterative DBD procedure for 6-storey shearwall in Montreal using 











































T A B . IV.4 Results of iterative DBD procedure for 12-storey shearwall in Montreal using 











































T A B . IV.5 Results of iterative DBD procedure for 12-storey shearwall in Montreal using 
inelastic design spectrum for SHL-475. 
No Ay Aeff ix T k / r e q Mreq EIeS kdea Ay)des 
(cm) (cm) (s) (kN/cm) (kN) (kNm) (kNm2) (kN/cm) (cm) 
1 17.80 34.9 1.9 12.1 8.27 147 4388 72+E5 8.2 17.94 
2 17.94 29.2 1.6 10.1 11.83 212 6326 104+E5 11.8 17.94 
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TAB. IV.6 Results of iterative DBD procedure for 12-storey shearwall in Montreal using 











































TAB. IV.7 Results of iterative DBD procedure for 18-storey shearwall in Montreal using 











































T A B . IV.8 Results of iterative DBD procedure for 18-storey shearwall in Montreal using 












































T A B . IV.9 Results of iterative DBD procedure for 18-storey shearwall in Montreal using 











































TAB. IV.10 Results of iterative DBD procedure for 6-storey shearwall in Vancouver using 











































TAB. IV. 11 Results of iterative DBD procedure for 6-storey shearwall in Vancouver using 











































TAB. IV.12 Results of iterative DBD procedure for 6-storey shearwall in Vancouver using 
inelastic design spectrum for SHL-75. 
No Ay Aeff [i T k / r e q M req EIeS kdes Ay)des 
(cm) (cm) (s) (kN/cm) (kN) (kNm) (kNm2) (kN/cm) (cm) 
1 4.80 5.5 1.1 3.4 52.7 253 3976 65+E5 50.8 4.99 
2 4.99 7.8 1.6 4.0 37.7 188 2954 48+E5 37.7 4.99 
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TAB. IV.13 Results of iterative DBD procedure for 12-storey shearwall in Vancouver using 











































TAB. IV.14 Results of iterative DBD procedure for 12-storey shearwall in Vancouver using 











































TAB. IV.15 Results of iterative DBD procedure for 12-storey shearwall in Vancouver using 
inelastic design spectrum for SHL-75. 
No Ay Aeff [i T k / r e q Mreq EIeR- kdes Ayides 
(cm) (cm) (s) (kN/cm) (kN) (kNm) (kNm2) (kN/cm) (cm) 
1 17.60 6.8 1.0 4.1 71.22 1253 37088 611+E5 70.9 17.7 
2 17.69 23.3 1.3 7.1 22.46 397 11758 194+E5 22.5 17.7 
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T A B . IV.16 Results of iterative DBD procedure for 18-storey shearwall in Vancouver using 











































TAB. IV.17 Results of iterative DBD procedure for 18-storey shearwall in Vancouver using 











































TAB. IV.18 Results of iterative DBD procedure for 18-storey shearwall in Vancouver using 
inelastic design spectrum for SHL-75. 
No Ay Aeff n T k / r e q Mreq EIeH kdes Ay]des 
(cm) (cm) (s) (kN/cm) (kN) (kNm) (kNm2) (kN/cm) (cm) 
1 37.10 4.6 1.0 2.4 263.45 9774 415394 68+E7 267.8 36.49 
2 36.49 44.7 1.2 10.4 14.17 517 21968 3+E7 14.2 36.49 
